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Abstract

We analysed the extensive dataset from the HUMPR&REC 2010 and the HOPE 2012
field campaigns in the boreal forest and rural emnents of Finland and Germany,
respectively, and estimated the abundance of sadilCriegee intermediates (SCI) in the
lower troposphere. Based on laboratory tests, vopgse that the background OH signal
observed in our IPI-LIF-FAGE instrument during #ifere-mentioned campaigns is caused at
least partially by SCI. This hypothesis is base@bserved correlations with temperature and
with concentrations of unsaturated volatile orgasbenpounds and ozone. The background
OH concentration also complements the previoustlevestimated production rate of sulfuric
acid and is consistent with its scavenging throtighaddition of sulphur dioxide. A central
estimate of the SCI concentration of ~ 5 X hfblecules cii (with an order of magnitude
uncertainty) is calculated for the two environmenthis implies a very low ambient
concentration of SCI, though, over the boreal forsignificant for the conversion of 30
into H,SOy. The large uncertainties in these calculationspngwo the many unknowns in the
chemistry of Criegee intermediates, emphasise ¢eel to better understand these processes

and their potential effect on the self-cleaningazty of the atmosphere.

1 Introduction

Criegee intermediates (Cl), or carbonyl oxides, &emed during the ozonolysis of

unsaturated organic compounds (Criegee, 1975; dahmsd Marston, 2008; Donahue et al.,
2011): in the gas phase ozone attaches to a dbobié forming a primary ozonide (POZ)

that quickly decomposes forming a Criegee interatedand a carbonyl compound. The ClI
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can exist as thermally stabilised CI (SCI) or asnsitally activated CI (Kroll et al., 2001;
Drozd et al., 2011), where the chemically activaB#chave high energy content and in the
atmosphere either undergo unimolecular decompasit@ are stabilised by collisional
energy loss forming SCI.

For many decades the chemistry of Criegee intemtesliwas investigated both with
theoretical and indirect experimental studies ateveed in detail by Johnson and Marston
(2008), Vereecken and Francisco (2012), and Vemeek al. (2015). During the last few
years, numerous experimental studies specificallystabilised Criegee intermediates have
been performed following their first detection byel/ et al. (2012). Many laboratories have
now detected SCI with various techniques (Berndtakf 2012;Mauldin 1l et al.,
2012;0uyang et al., 2013;Taatjes et al., 2013;Ahedral., 2014;Buras et al., 2014;Liu et al.,
2014a;Sheps et al., 2014;Novelli et al.,, 2014b;Stet al., 2014;Chhantyal-Pun et al.,
2015;Lee, 2015;Newland et al., 2015a;Fang et #&168&;Smith et al., 2016) and have
confirmed that they are very reactive towards mamgospheric trace gases. Currently, the
most studied Criegee intermediates are formaldetoydde, CHOO, acetaldehyde oxide,
CH3CHOO (yn andanti, i.e. with the outer oxygen pointing towards or away framalkyl

group, respectively) and acetone oxide, §zEOO.

(0] @) ®] (0]
N+ N+ / N+
I X i N
H H H,C H H3C/kH HsC  CH,3
Formaldehyde Syn-acetaldehyde Anti-Acetaldehyde Acetone
oxide oxide oxide oxide

The importance of stabilised Criegee intermediatesxidants in the atmosphere depends on

the rate coefficient of their reaction with watepeour as the latter is ubiquitously present in
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relatively high concentrations in the boundary tafeetween 18 to 10" molecules cri).
The rate of this reaction strongly depends on thedhformation (Aplincourt and Ruiz-
Lépez, 2000;Tobias and Ziemann, 2001;Ryzhkov andyafr 2003;Kuwata et al.,
2010;Anglada et al., 2011;Anglada and Sole, 2016rGit al., 2016;Lin et al., 2016;Long et
al., 2016) and until now the rate coefficient hagi measured fanti-CH;CHOO (Taatjes
et al., 2013;Sheps et al., 2014) while a lowertlinais been determined for @O (Stone et
al., 2014),syn-CH;CHOO (Taatjes et al., 2013;Sheps et al., 2014)@htf),COO (Huang et
al., 2015;Newland et al., 2015b). The uncertaintiethese rate coefficients make it difficult
to estimate the importance of Criegee intermediabesthe impact they may have as oxidants
in the atmosphere. Additionally, recent studiesr@eet al., 2014b;Chao et al., 2015;Lewis
et al., 2015;Smith et al., 2015;Lin et al., 20186pwed that the reaction between LD and
water dimers (present in the ppmv range in the spiere (Shillings et al., 2011)) is faster
than the reaction with water vapor, in agreementh vihe several theoretical studies
(Ryzhkov and Ariya, 2004;Chen et al., 2016;Lin let 2016)which indicate the reaction with
water dimers to be between 400 and 35,000 timesrfésan the reaction with water vapor
depending on the conformers. Another importanttieacf SCI that depends on the SCI
conformation is their unimolecular decompositiorheTdecomposition rate and product
formed depend on the SCI conformer structdrgi-SCI are likely to isomerise via the ester
channel forming an ester or an acid as final prbdueile syn-SCI will form a vinyl
hydroperoxide (VHP) which promptly decomposes fargnhydroxyl radicals (OH) and a
vinoxy radical (Paulson et al., 1999;Johnson andrskéa, 2008;Drozd and Donahue,
2011;Vereecken and Francisco, 2012;Kidwell et 2016). Larger and more complex
conformers such as hetero-substituted or cyclizcgires are subject to additional

unimolecular rearrangements (Vereecken and Framci®012). On the unimolecular
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decomposition rates and products few experimentth dare available (Horie et al.,
1997;Horie et al., 1999;Fenske et al., 2000a;Noeelhl., 2014b;Kidwell et al., 2016;Fang et
al., 2016a;Smith et al., 2016), but more is avddlattom theoretical studies explicitly
focusing on the path followed by different conforméAnglada et al., 1996;Aplincourt and
Ruiz-Lopez, 2000;Kroll et al., 2001;Zhang and Zha2@02;Nguyen et al., 2009b;Kuwata et
al., 2010).

Most of the experimental and theoretical informatitescribed above refers to the smaller
conformers. These compounds are likely to be forme&tively efficiently in the atmosphere
as they can originate from any unsaturated compaeuitida terminal double bond, but they
do not represent the entire Criegee intermedigpellption.

As SCI were found to react quickly with many tragases, various model studies were
performed on the impact SCI have as oxidants irmthwsphere (Vereecken et al., 2012;Boy
et al., 2013;Percival et al., 2013;Pierce et a@l3®Sarwar et al., 2013;Sarwar et al.,
2014;Novelli et al., 2014b;Vereecken et al., 2018pme of these studies focused in
particular on the possible impact that SCI mighveh@n the formation of sulfuric acid
(H2SQy) in the gas phase, following Mauldin Il et al.0@2) who suggested that Criegee
intermediates are the missing S@&Xidant needed to close the sulfuric acid budgetr &/
boreal forest. This is supported by theoretical Efabratory studies that have determined a
rate coefficient between SCI and sulfur dioxide £5@ the order of 18" cn?® moleculé® s*
(Aplincourt and Ruiz-Lépez, 2000;Jiang et al., 2&iL0tén et al., 2011;Vereecken et al.,
2012;Welz et al., 2012;Taatjes et al., 2013;Liwalet 2014b;Sheps et al., 2014;Stone et al.,
2014). As the main atmospherically relevant oxidisk SG, in the gas phase is the OH
radical ([OH] ~ 5 x 10 molecules ci) with a rather slow rate coefficient at ambient

temperature and pressure of 2 x*46m’ moleculé' s* (Atkinson et al., 2004), the high rate
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coefficient for SQ oxidation would allow SCI to have a relevant impaa the HSO

formation even if present in small concentratiomde model studies have shown that,
depending on the environment, SCI can have a paligntmportant impact on k5O,

formation. All these studies are affected by lageertainties and many simplifications used
for coping with the paucity of data on the readsia specific SCI with various trace gas
species, on the speciation of SCI, and on the gtassate concentration of SCI in the
troposphere. Until now no direct or reproducibldiiact method was able to determine the

steady state concentration of SCI in the lowerdsphere.

In this paper, we firstly estimate the concentrati SCI in the lower troposphere, based on
the data collected during the HUMPPA-COPEC 2010p=agn (Williams et al., 2011) in a
Boreal forest in Finland and the HOPE 2012 campagmural southern Germany. The
budget of SClI is analyzed using four different @aghes: 1) based on an unexplaing8®
production rate (Mauldin Ill et al., 2012); 2) fraime measured concentrations of unsaturated
volatile organic compounds (VOC); 3) from the olser OH reactivity (Nolscher et al.,
2012); and 4) from an unexplained production rdt®d (Hens et al., 2014). Secondly, we
present measurements obtained using our inletnpeetor laser-induced fluorescence assay
by gas expansion technique (IPI-LIF-FAGE) (Noveltial., 2014a) during the HUMPPA-
COPEC 2010 and the HOPE 2012 campaigns. A reckatdtory study performed with the
same instrumental setup showed that the IPI-LIF-EASgstem is sensitive to the detection
of the OH formed from unimolecular decompositionS&! (Novelli et al., 2014b). Building
on this study, the background OH (gH(Novelli et al., 2014a) measured during the two
field campaigns is investigated in comparison witany other trace gases in order to assess

if the observations in controlled conditions asngferable to the ambient conditions.
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2 Instrumentation and field sites

2.1 IPI-LIF-FAGE description

A comprehensive description of the IPI-LIF-FAGE gnd-based instrument, HORUS
(Hydroxyl Radical Measurement Unit based on fluoesge Spectroscopy), is given by
Novelli et al. (2014a) and only some important Geas of the instrument are highlighted
here. The IPI-LIF-FAGE instrument consists of: thét pre-injector (IPI), the inlet and
detection system, the laser system, the vacuunersyahd the instrument control and data
acquisition unit. The air is drawn through a catiorifice into a low pressure region (~300-
500 Pa) where OH molecules are selectively exditedulsed UV light around 308 nm. The
light is generated at a pulse repetition frequeoic® kHz by a Nd:YAG pumped, pulsed,
tunable dye laser system and is directed into dipask "White cell” making 32 passes
through the detection volume (White, 1942). Thesaimple intersects the laser beam and the
fluorescence signal from the excited OH molecudeddatected using a gated micro-channel
plate (MCP) detector. IPI, situated in front of timstrument inlet, is used to measure a
chemical zero to correct for possible internal Gghal generation. An OH scavenger is
added to the sample air 5 cm in front of the ipligthole in a concentration that allows a
known, high proportion of atmospheric OH to be srmed (~ 90 %). The OH scavenger is
added every two minutes so that the instrument umreas total OH signal (Q&) when the
OH scavenger is not injected and a background @riasi(OH,g) when the OH scavenger is
injected. The difference between these two sigyiglsls the atmospheric OH concentration
(OHam). The efficiency of this technique for measuringl @ith this particular LIF-FAGE
instrument is described together with the IPI cbtmasation in Novelli et al. (2014a). The

OH calibration of the HORUS instrument is obtairval the production of a known amount
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of OH and hydroperoxyl radicals (Hfrom the photolysis of water at 185 nm using a
mercury lamp. A more detailed description of thstimment calibration is reported by
Martinez et al. (2010) and Hens et al. (2014). Abcation factor for the background OH
signal observed by the HORUS instrument is curyendlt available. Therefore, this signal
will be discussed and plotted in OH fluorescencent® per seconds (cps) measured by the
MCP, normalized by the laser power and correctedgtenching and sensitivity changes
towards the detection of OH. The sensitivity of thetrument towards the OH radical is
affected by: alignment of the white cell, opticartsmission of the components, sensitivity of
the MCP, water vapor, internal pressure, and ialetemperature (Martinez et al., 2010).
These factors affect the sensitivity of HORUS tadgathe background OH in a similar
manner as they mainly impact the sensitivity ofittegrument to the detection of OH.

We hypothesise that the Qfis formed chemically within the IPI-LIF-FAGE instnent.
Laser induced production of OH radicals was thohtyigested in the laboratory and in the
field (Novelli et al., 2014a) showing that this kgoound OH signal is not induced by the
laser beam from double pulsing, nor from air stéiggan the detection cell. By changing the
laser power, no quadratic dependency of thg /s observed even at night time, when the
contribution of the Ok} to the O, measured by the instrument is highest (Novelklgt
2014a). In addition, during the HUMPPA-COPEC 201 &/lOPE 2012 campaigns, the
correlation coefficient of the Qf with the laser power was R = 0.002 and R = 0.2,
respectively.

In contrast, ozonolysis of alkenes performed dulitmpratory tests showed that the IPI-LIF-
FAGE instrument is sensitive to the OH formed franimolecular decomposition of SCI

within the low pressure section of the instruméi\elli et al., 2014b).
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At present, titration of the Old, wasperformed by most of the LIF-FAGE instruments
(Amédro, 2012;Mao et al., 2012;Griffith et al., 3MVoodward-Massey et al., 2015;Griffith
et al., 2016;Tan et al., 2016) in different envirents. Some of these instruments showed the
presence of an unknown interference (Mao et all2ZBriffith et al., 2013;Tan et al., 2016)
while for others no clear conclusions were drawm detter operation of the titration unit is
needed (Amédro, 2012;Woodward-Massey et al., 20kb)addition, laboratory studies
(Fuchs et al., 2016;Griffith et al., 2016) havewhasimilarity with what was observed with
the IPI-LIF-FAGE during experiments of ozonolysisatkenes although the origin of the OH
signal was not uniquely attributed to a particuechanism.

Our hypothesis is that the @Hmeasured in ambient air with the IPI-LIF-FAGE aast
partially originates from unimolecular decompositiof SCI. Section 4 describes the
observed behaviour of the signal during the cammand its relationship to other observed

chemical tracers and discusses if this is compatilith our hypothesis.

2.2 Measurement site and ancillary instrumentation

We present measurements from two sites, a boreasdtfgite in Finland and a rural site in
Southern Germany. The HUMPPA-COPEC 2010 (Hyytialaitéd Measurements of
Photochemistry and Particles in Air — Comprehensdsganic Precursor Emission and
Concentration study) campaign took place duringraem2010 at the SMEAR |l station in
Hyytiald, Finland (61° 51’ N, 24°17’ E, 181 m a.sih a boreal forest dominated by Scot
Pines Pinus Slvestris L.). The site hosts continuous measurements of @etvace gases and
meteorological parameters as well as aerosol pesticoncentration, size distribution and

composition (Junninen et al., 2009). Further detaild a more complete description of the
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site, the instrumentation and the meteorologicabi@mns during the campaign can be found
in Williams et al. (2011) and Hens et al. (2014)bref description of the instruments used in
this study is given here. Ozone was measured by ahdtometric gas analyser (Model 49,
Thermo Electron Corporation). A gas chromatogra@iC,( Agilent Technologies 6890A)
coupled to a mass-selective detector (MS, Agilesthihologies MSD 597ert) was used
for the measurements of BVOC (Yassaa et al., 200®.total OH reactivity was measured
by the comparative reactivity method (CRM) (Sinhale 2008) for two different heights,
one within and one above the canopy (18 and 24espectively) (Nolscher et al., 2012).
Sulfur dioxide (S@) concentration was measured with a fluoresceneé/zer (Model 43S,
Thermo 20 Environmental Instruments Inc.). Aeraaohber size distributions between 3 nm
and 950 nm were measured with a Differential MopiRarticle Sizer (DMPS) (Aalto et al.,
2001). The size distributions were used for catiudgthe loss rate of gas-phase sulfuric acid
via condensation sink (CS) with the method preskhteKulmala et al. (2001). Sulfuric acid
and OH radical concentrations were measured orgthend with the CIMS. The average
concentrations and theie variability for the trace gases relevant for thiisdy are listed in
Table 1. For the first period of the campaign, lestw the 2% and the 3% of July, the IPI-
LIF-FAGE instrument was run on the ground side-tofeswith a chemical ionisation mass
spectrometer (CIMS; Petgja et al. (2009)) measui®ig and sulfuric acid (b8Qy)
concentrations. On thé'®of August the IPI-LIF-FAGE instrument was movedthe top of
the HUMPPA tower above the canopy and measureé foethe remainder of the campaign
(12" of August). The data are therefore separatedgrdond and tower periods.

The HOPE 2012 (Hohenpeilenberg Photochemistry Erpat) campaign was conducted
during the summer of 2012 at the Meteorologicalédetory in Hohenpeissenberg, Bavaria,

Germany (47° 48’ N, 11° 2’ E). The observatory isSkbbal Atmosphere Watch (GAW)

10
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station operated by the German Meteorological $erfDWD) and is located at an altitude
of 985 m a.s.l. and about 300 m above the surrognigirrain, mainly consisting of meadows
and coniferous forests. More information about $ite can be found in Handisides et al.
(2003). Ozone was measured by UV absorption with4BE (Thermo Electron Corporation,
Environmental Instruments) (Gilge et al., 2010).nNoethane hydrocarbons (NMHC) were
measured with a GC-flame ionization detection (FIstem (series 3600CX, Varian,
Walnut Creek, CA, USA) (Plass-Dulmer et al., 200BYOC were detected using a GC
(Agilent 6890) with a FID running in parallel with MS (Agilent Technologies MSD 5975
inertXL) described by Hoerger et al. (2014). Photolyssfiencies (J(N£ and J(GD)) were
measured next to the IPI-LIF-FAGE with a set diefilradiometers (Handisides et al., 2003).
The OH reactivity was measured with two instrumdatsa short period of time from the'l0
until the 18" of July. One method was the CRM and the sametimstnt was used as during
the HUMPPA-COPEC 2010 campaign. The second methasl avhew application of the
DWD CIMS instrument (Berresheim et al., 2000) whialso measured 430, and OH
radicals.. As the data will be used only in a gatiie way for the current study, a very short
description of this novel technique is given henel @etails will be presented in a future
publication. With the CIMS instrument, OH radicalse measured by converting them into
H,SO, after reaction with SQin a chemical reactor and subtraction of a cooedmg
background after scavenging the OH with propanaréBbeim et al, 2000). A second SO
titration zone was used 15 cm (or 140 ms) downstrefthe first injection to determine the
OH decay from OH radicals generated in the UV-catibn zone immediately upstream of
the first titration. The difference between these titration zones in two consecutive 2.5 min
intervals allows the determination of the OH decter correcting for ambient OH and wall

losses. The uncertainty is estimated af is* and the limit of detection is 2's SG

11
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concentratiowas measured with a fluorescence analyzer andaesias distributions were
measured and used to calculate the loss rate gftgese sulfuric acid due to CS formed by
existing aerosol surface via the method presentedBlrmili et al., 2003). The average
concentrations and theiw variability for the trace gases relevant to thisdg are listed in

Table 1.

3 SCl concentrations during HUMPPA-COPEC 2010 and HOPE 2012

3.1 Missing H,SO, oxidant

The study by Mauldin Il et al. (2012) in a boréatest during the HUMPPA-COPEC 2010
campaign showed a consistent discrepancy betweeméasured $$0, and the calculated
gas phase 50, concentration when considering oxidation of,3@m OH radical and the
condensation onto pre-existing aerosol particles, (Condensation sink) as the sole

production and loss processes, respectively (Eq. 1)

1 Kon or]x[s0)

[H,s0 =

1)

On average the sulfuric acid in the gas phase leadzliusing Eq. 1 was only half of the total
H,SO, observed in the field and lied outside the undstitss associated with the calculation
of the formation channel and the condensation @it&uldin 1l et al., 2012). Although no
unambiguous evidence links SCI to the missing axideboratory tests performed with a
similar instrument (Berndt et al., 2012;Berndt let 2014a;Sipila et al., 2014) confirmed the
role that SCI could have in the oxidation of Sfdd formation of K50,. Assuming that SCI

are the only other species in addition to OH thadliae SQ in the gas phase, and knowing

12
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the rate coefficient of SCI and OH with S0t is possible to calculate the steady state

concentration of SCI in that environment:

x[OH]+ kgy g, X[SCI1) X[SO, ]

(Koo,
[H,90,] = (o <O ke

()

The rate coefficient between OH and S& standard pressure is (2.04 + 0.10) X
10"2 (T/300)*" cn?® moleculé' s* (Atkinson et al., 2004). The rate coefficient of IS@th
SO, was determined by several groups, and the valusgec around two numbers. The first
one of ~ 5 x 182 cn?® moleculé* s* has been obtained by Mauldin Ill et al. (2012) and
Berndt et al. (2012) while another value of ~ 3.2 x 10™ cn?® molecule’ s* has been
obtained by a number of other groups (Welz et 2012;Taatjes et al., 2013;Liu et al.,
2014b;Sheps et al.,, 2014;Stone et al., 2014;ChhbRyn et al., 2015;Newland et al.,
2015a;Newland et al., 2015b;Foreman et al., 2016gdtal., 2016). Two explanations can be
put forward for this disagreement. The first isdzaen the fact that Mauldin Il et al. (2012)
and (Berndt et al.,, 2012) measure the rate of foomaof H,SO, rather than directly the
reaction rate of SCI with SO If, as suggested by Vereecken et al. (2012), duorslary
ozonide (SOZ) formed from the reaction betweendar§Cl and S@ can stabilize and
undergo bimolecular reaction without formation @;Sthe difference in the rate coefficients
for the different experiments could be partly exptal. However, more recent theoretical
work (Kuwata et al., 2015) found additional lowrgi pathways that make collisional
stabilization of the SOZ unlikely. Experiments brrSson et al. (2012) and Ahrens et al.
(2014) observed high yields of @lose to unity suggesting that the SOZ is not loster
the conditions used, i.e. in chambers with highceotrations of reactants and in the absence

of water. At the same time, these reaction conatidiffer from the other studies which were

13
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performed either at ambient air conditions or vidtlver concentrations of reagents and in the
presence of water.

An alternative explanation could be based on aigmlgEthe studies by Mauldin Il et al.
(2012) and Berndt et al. (2012). In their experitsethe rate of the SCIl+$Qeaction is
derived relative to the total loss rate of SCGd¢Las it governs the steady-state concentration
of SCI with negligible S@present. This &c, has a value on the order of ~ 3 to™5iis both
experiments. Since these studies, a large bodyxpérenental and theoretical data has
become available, regarding the reactivity of S@drds many coreactants present in the
reaction mixture (Taatjes et al., 2013;0Ouyang et2013;Ahrens et al., 2014;Buras et al.,
2014;Liu et al., 2014a;Stone et al., 2014;Shepal.e2014;Welz et al., 2014;Lewis et al.,
2015). From this new data, we should consider ¢haotal loss rate of about 4*$s an
underestimate. In a previous study by Novelli et(2014b) a value of ¢ = 40 $" under
atmospheric conditions was proposed. A re-anabyfsibe study by Mauldin Il et al. (2012)
using Lsci= 40 s'and the measured yield of SCI fpinene of 0.1 (Donahue et al., 2011),
results in a rate coefficient for thepinene-derived SCI + SQeaction of 2.6x 10** cn?®
moleculé' s*. Likewise, for the other compounds examined intthe studies (Berndt et al.,
2012;Mauldin 11l et al., 2012), the derived rateSE1+SQ would shift significantly towards
the higher values obtained in the other studieslf\Weal., 2012;Taatjes et al., 2013;Liu et
al., 2014b;Sheps et al., 2014;Stone et al., 2@A& must consider, though that the study by
Berndt et al. (2012) included a measurementqgf based on the observed3®D, formation
from the steady state SCI in the absence of S@nce, this second explanation is only viable
if another source of $0, exists in the system; this has already been stegidy Newland

et al. (2015a) based on their S@xidation experiments.
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Still, as these explanations for the lower valug$tauldin 11l et al. (2012) and Berndt et al.
(2012) are merely speculative, we will considerhbd3x 10™ cn?® moleculé' s* and 5x
10" cm® molecul€é' s* as possible rate coefficients for the SCI + $€ction in the current

budget analysis.
The steady state concentration of SCI for the Hdosast was calculated using the measured

data and Eq. 2, yielding an average [SCI] = (23 * 10" molecules crifor a ksc“so rate

coefficient of 3.3x 10™ cn® moleculé" s*, and [SCI] = (2 + 2)x 10° molecules cri

obtained withK_, = 5x 10% cn® moleculé' s*. Note that both values for the steady

state concentration of SCI remain in agreemenpédiuted and pristine environments, 1.9 x

10° molecules ciitand 4.5 x 1Hmolecules cri respectively, as based on the concentrations

of measured VOC and;@Welz et al., 2012).

A similar estimate of the SCI steady state conegioin was derived for the HOPE 2012
campaign. The 80O, concentration during this campaign can be mainlylaned by the
reaction between OH and @Q-igure 1 shows the correlation between the fotatiuction
rate of HSO, (P(H,SOy)w) calculated from the product of measuredSE, and the

condensation sink, as well as the production raté,80, from the reaction of OH and SO

The linear regression following the method of Yetlal. (2004) yields a slope of 0.9@.02

with a negligible intercept (57 = 7), accounting fbe large uncertainty in the determination
of the CS (~ 30 %),. The steady state concentrati®CI| was calculated from the measured

data and Eq. 2 yielding an average [SCI] of (1 +x3)10° molecules cii when using

k = 3.3 x 10" cn® moleculé' s and (1 + 3) x 1Dmolecules cr for K

'SCI +S0,

5x

CI+S0,

10% cnt® moleculé' st.
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3.2 Measured unsaturated VOC

Another method to estimate the SCI concentratiobased on their production and loss
processes. In a forest SCI are expected to be tbrimen the ozonolysis of unsaturated
BVOC. It is possible to calculate an average stestdye concentration for SCI using the
following equation

(X Kiog -0, X[VOC) x[0]x Y,

[sci]= - ®)

SCl syn

Where K. ‘00 is the rate coefficient between the VCGHDd ozone (Table SI-1Yg is the

yield of SCI in the ozonolysis reaction, ahgsn is the total loss ofyn-SCI. We obtain
[SCI] = [SClsy, following the model described by Novelli et a&20(4b), which accounts for
many possible losses of SCI including the reactioth water dimers and unimolecular
decomposition. The latter study suggests tdt-acetaldehyde oxide and formaldehyde
oxide react quickly with water and water dimers #rat their contributions can be neglected.
A yield of SCI formation Ysc;) of 0.4 was estimated based on the data by Hastah
(2001). The steady state concentration of SCIHeriUMPPA-COPEC 2010 campaign was
calculated using the measured data fog] [nd [VOG] and an average value of 4G s
(Novelli et al., 2014b) fot.ssn as this value was found to be rather constant aaiehlyn
dependent on the unimolecular decomposition ratbefSCI. Using Eqg. 3 an average [SCI]
of ~ (5 + 4) x 18 molecules criis derived.

During the HOPE 2012 campaign a larger number shturated organic trace gases, both
anthropogenic and biogenic, were measured (Tablg.Stor Y the same value of 0.4 was
used while folLscisyn the value of 327§ obtained from the model described by Novellilet a

(2014b) for the rural European environment, waslublsing these values in Eq. 3 results in
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a steady state concentration of [SCI] = (7 + 6)0% rholecules crii. It should be noted that
recent work on the unimolecular decomposition (Fahgl., 2016b;Long et al., 2016;Smith
et al., 2016) yields loss rate significantly fastiean used here; this implies that the [SCI]

obtained here could be an overestimate.

3.3 OH reactivity

During HUMPPA-COPEC 2010, between ™3uly and 1% August, an average OH
reactivity, R = 9.0 + 7.6"5 was measured. On average, the majority of thesureel OH
reactivity Ruex = 7.4 + 7.4 3), 80 %, was not accounted for by the measured argam
inorganic trace gases (Fig. SI-1). Biogenic emissicomprised up to ~ 10 % of the total
measured OH reactivity and up to half of the calted OH reactivity (Fig. SI-1). As the
measurement site was located in a pristine forestnvironment, affected only little by
anthropogenic emissions (Williams et al., 2011)jsitlikely that a large fraction of the
unexplained OH reactivity was formed by unmeasyméchary emissions by the vegetation
and secondary products of oxidation. By assumiagttre unmeasured VOC are unsaturated,
and by using a lumped rate coefficiekiloc+on, between OH and the fraction of unspeciated
VOC of 7 x 10" cn® moleculé' s?, typical for an OH addition to a carbon-carbon lleu
bond (Atkinson et al., 2004;Peeters et al., 20071%, possible to estimate the concentration

[VOCunknowd Of VOC that would be necessary to close the Cattigity budget (Eq. 4).

Runex = ‘OC+OH X [VOCunknown] (4)

Using Eq. 4 with the measured data, an average M@ of (1 + 1) x 16" molecules crit
is found. This value is substituted into Eg. 3 anldmped rate for reaction of [VQgknowd

and Q of 7 x 10" is used. This value is based on the rate coefii@é the measured VOC

17
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with Os weighted with their abundance (Table SI-1). Th®e¥s andLssyn, Of 0.4 and 40
s, respectively, were used as described in sectidn\Bith these valuesancentration of
SCl of ~ (1 + 1) x 1®molecules cni is obtained. This estimate contains larger unoeies
compared to the previous estimates as the ratdigeat for ozonolysis of unsaturated
compounds varies by up to three orders of magnitlideaddition, the rate coefficient
between OH and unsaturated compounds, dependingshmther these are unsaturated
NMHC or OVOC, primary emissions, or secondary ofimaproducts, varies by an order of
magnitude. A sensitivity study was done on the 8&limates from the unexplained OH
reactivity to attempt to account for this uncertgiin rate coefficients. It is possible to
calculate a lower limit for the SCI concentrationusing the highest rate coefficient between
OH and unsaturated compounds, 1 X% moleculé' s* (Atkinson et al., 2006) together
with a slow rate coefficient for the unsaturatedmpounds and ozone, 1 x 10cn?
moleculé' s* (Atkinson et al., 2006), leading to a [SCI] = (& B.0) x 13 molecules cn.
For the upper limit, a slower rate coefficient @H and unsaturated OVOC, ~ 3 x*{@em’
moleculé' s* (Atkinson et al., 2006;Teruel et al., 2006) togethith a higher rate coefficient
with Oz, 1 x 10" cn® moleculé® s* (Atkinson et al., 2006) results in a concentratdfiSCl]

= (3 + 3) x 10 molecules cri. To these SCI concentration estimates, we ad&@idormed
from the measured unsaturated VOC, [SCI] = (5 % 4)° molecules crf, to obtain the total

SCI from all VOC.

During the HOPE 2012 campaign the total OH reagtiwias on average 3.5 + 3.8.4Jsing
the measured trace gas concentrations it is pestibtalculate the expected OH reactivity
(Fig. SI-2). Table SI-2 lists all the species im#d in the calculation of the OH reactivity
with their rate coefficient with OH. An average walof 2.7+ 0.7 § was calculated. Figure

SI-2 shows that half of the measured OH reactisdty be explained by inorganic compounds
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which were present in higher concentrations contpace the HUMPPA-COPEC 2010
campaign (Table SI-2), methane and carbonyl com@®u(mainly acetaldehyde and
propanal). On average, 24 % of the measured OHivdpatemains unexplained by the
measured trace gases. In contrast to the HUMPPAETO®10 campaign, in HOPE 2012 a
more complete speciation of VOC was measured (TablB and the site was influenced by
relatively fresh anthropogenic emissions. Despite &xtensive speciation, the unexplained
OH reactivity could still be du unmeasured VOC. By using the value of unexpthifél
reactivity of 0.8 & and proceeding as described above for the booeasif environment, an
estimate (1.0 + 0.2) x famolecules cni for the SCI concentration, with a lower and an
upper limit of (2.9 + 0.7) x T molecules cni and (1 + 0.2) x 1D molecules cnf,
respectively, can be estimated. To these SCI cdratem estimates, we add the SCI formed
from the measured unsaturated VOC, [SCI] = (7 % 6)° molecules cnf, to obtain the total

SCI from all VOC.

3.4 Unexplained OH production rate

During the HUMPPA-COPEC 2010 campaign, the comprsive measurements (Williams
et al., 2011) allowed the calculation of a detai@d budget (Hens et al., 2014). Most of the
OH production during daytime is due to photolysisOg and recycling of H@ back to OH
via reactions with NO and{OThis result holds for both high (R > 18)sand low (R< 15 s")
OH reactivity episodes during the campaign. While OH budget can be closed during
daytime (J(3D) > 3 x 10° s?) for low OH reactivity periods, during periods wihigh OH
reactivity there was a large unexplained productate of OH, Pg:explmned =(2+0.7)x 16

molecule crit s, which can thus be surmised to originate from V&@mistry. In addition,
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for both periods, during night time (J©) < 3 x 10° s%), the IPI-LIF-FAGE and the CIMS

instruments both measured non-negligible OH comatahs (Hens et al., 2014) where most

explained

of the OH production was from unknown sourc%ﬂ =1+ 0.9 x 16 molecule crit

S_l (16) and Punexplajned

- = 1.7 + 0.7 x 16 molecule crit s* (1) for low and high reactivity,
respectively). Our hypothesis is that ozonolysisVv@C could represent the missing OH
source. Indeed, formation of OH from oxidation ofaturated VOC has been shown to be an
important source of OH in winter, indoors and dgrimight time (Paulson and Orlando,
1996;Geyer et al., 2003;Ren et al., 2003;Heard. e2@04;Harrison et al., 2006;Johnson and
Marston, 2008;Shallcross et al., 2014). As OH fdramafrom ozonolysis proceeds through

Criegee intermediates (Fig. 2), we can attemptstomate a SCI concentration from the OH

budget.

Assuming that all unexplained OH productid;*®*™  comes from VOC ozonolysis with

a certain OH yield/oy we obtain:
ngexplained = kvoc+03 X[VOC idenified ] X [03]XYOH )

where only the VOC not already included in the Qidiget performed by (Hens et al., 2014)
are considered, i.e. the VOC causing the unknown r@attivity discussed above. The
average total OH yield from ozonolysisy, is estimated at about 0.6 based on observed OH
yields from the literature (Atkinson et al., 200&)H formation from ozonolysis occurs
through two channels (Fig. 2): prompt formation the decomposition of chemically

activated Cl, and delayed OH by formation of SCI followed bgitithermal decomposition;

there are also product channels not yielding OHe prompt yield of OHYOCJ' is estimated
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at ~ 0.4 from SCI scavenging experiments (Atkingbal., 2004); the remaining yieM'

is then formed from SCI, whet=YS, + Y and henc&/ S =0.2.

We adopt a value folWg of 0.4, as argued in section 3.2. The SCI formedndt all
decompose to OH, e.gnti-Cl tend to form esters instead. We label all S&éao yield OH

as SCy, without mandating a speciation but following thieservation thasyn-Cl usually
yield OH through the vinylhydroperoxide channeleTiotal SCI yield is then divided into a
fraction, Ygn, forming SClyn, and the remaindeYaq, forming non-OH-generating SCI. Little
information is available on the .Y ani ratio, with only a few theoretical calculations on
smaller alkenes and a few monoterpenes (Rathmah, €i999;Fenske et al., 2000b;Kroll et
al., 2002;Nguyen et al., 2009b;Nguyen et al., 2D0Baross most of these compounds the
ratio of syn- to anti-SCl is always within a factor of 5, i.e. betwee 8nd 1.0 (Rickard et al.,
1999). Based on this, we estimate the ratioYgf to Yay as 1:1. This number avoids
overestimating the impact of SCI in the OH productand, using the factor of 5 indicated
above, would cause a variation in the final [SGifirmate of maximum 20 %, (see eq. 7 and

figure 3) well below the total uncertainty of thesult.

The production of OH from S}, formed from VOC not included in the OH budgettisrt
Konx[SClsyq , where we estimatioy = 20 st as measured by Novelli et al. (2014b) $gn-
CH3CHOO, and where the steady state concentratiomeoBClyn, [SClyn), is determined by
the ratio of the formation processes and the Eufin of the loss processes already defined
above:

[SZI wn] = Koo, X [VOCiceniieal X[O3] XY XYgn

Ley o

(6)
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Merging the above equations, expressing the meésOid production from unknown
sources as the sum of direct OH production froma@t indirect from SGyr, we obtain:

Punexp!aiHEd = kvoc+03 x blocunidentified ] X [03] X {Y()Cl—li + YSCI styn X Lk@i} (7)

SClgn

The measurec;lzf)uk':exp'aj"ed and [Q], and the estimates of the other parameters allosvio

calculate the factorkVoc+o

x [VOCynidentiied- Substituting this factor into eq. 6 yields an

estimate of the steady state concentration of,gGVith a value forR;?exp'amed of 1 x 16

molecules crif s* as observed for low reactivity episodes and abmituring HUMPPA, a

steady state concentration of §&Ebf (2 + 2) x 16 molecules cii is calculated. For high

unexplained

reactivity episodes during HUMPPA-COPEC 2010, thissing P of 2 x 10

OH

molecules cni s* results in a SCI concentration of (4 + 4) X Ifolecules cii. To obtain
the total SCI concentration, we then need to addhtin-OH-producing SCI. Here we assume
that these are mosthnti-SCI or HCOO, both of which react rather quickly with,®l or
(H20), (Taatjes et al., 2013;Chao et al., 2015;Lewis gt28115), and that their contribution
can be neglected. We thus obtain that [SCI$Clsy. To this we add the SCI concentration
calculated from the measured unsaturated VOC (se8tR), (5 + 4) x 1dmolecules cr, to

obtain the SCI formed from all VOC.

For HOPE 2012 it is difficult to accurately deris OH budget due to the lack of
information on the HONO concentration, which représ an important primary source of
OH. A detailed analysis of the OH production ansslduring the campaign thus requires a

detailed model study to derive HONO concentratiombich is outside the scope of this
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paper. Hence, an estimate on the SCI from a pessiidsing OH production rate during the

HOPE 2012 campaign is not included here.

Equation 7, for a given set of yields, unimoleculacomposition rates and SCI losses, allows
the estimate of the relative contribution of SCHa®l" to the total production rate of OH
from the ozonolysis of VOC. With the yields consilkin this study and for a unimolecular
decomposition rate of SCI into OH of 28, she SCI would contribute up to 12 % to the total
formation of OH from ozonolysis of VOC in both eromments. This indicates that the SCI
do not have a large impact in the production of @#icals and at the same time emphasizes
how important a realistic estimate of VOC concelidrais for modeling the OH radical as

already underlined by (Hens et al., 2014).

3.5 Robustness of the [SCI] estimates

Figure 3 summarises the steady state concentrafidCl calculated on the basis of the
H,SO, budget, the measured unsaturated VOC concentratidrOH reactivity (R), and the
OH budget for the HUMPPA-COPEC 2010 and HOPE 2CdBpaigns. By considering the
lower and the highest values estimated from thesomea VOC and from the missing$y
oxidant for both campaigns, respectively, the stestdte concentration of SCI is calculated
to be between 5 x £@nd 2 x 16 molecules crifor the boreal forest environment during the
HUMPPA-COPEC 2010 campaign and between 73ah@ 1 x 16 molecules cni for rural
Germany during the HOPE 2012 campaign. The SCtemtnations calculated using these
approaches represent a best-effort estimate madbee@nvironments studied here based on
the available data; due to the many uncertaingdsted to the chemistry of SCI both in

production and loss processes these estimatesabpantwo orders of magnitude.
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The estimate of the SCI concentration from thewidfacid budgets relies on the rate of
oxidation of SQ to H,SO,. As indicated in section 3.1, two significantlyffdrent rate
coefficients for the reaction of SCI with $&re currently available. One coefficient is high, ~
3.3 + 2 x 10" cn?® moleculé' s*, while the other is several orders of magnitudeelig 5 x
10™® cn?® moleculé® s*. Justifications of the differences in the valueg do the diverse
procedures, i.e. direct detection of SCI +,3@r the high rate coefficient and detection of
H,SO, for the lower one, are difficult, while recent rsaeements tend to agree with the
highest value. This casts doubts on the highesaimdd SCI concentrations of ~ ®10
molecules crii. In addition, the remaining three estimates stiyongpend on the yield of
SCI, kvocro, andLgisyn. Among these, the parameter with the highest taicey is the loss
rate ofsyn-SCI, Lsisn, a@s it is based on relatively few studies, whichoretarge differences
between the observations. In this study, a valudog" and of 32 &, based on previous
model analysis (Novelli et al., 2014b), for the HBRA-COPEC 2010 and HOPE 2012
campaigns respectively, were used. Recent worktfSetial., 2016;Fang et al., 2016a;Long
et al., 2016) suggests a faster unimolecular deositipn rate for the acetone oxide Criegee
intermediate, exceeding 48" in ambient conditions. It is currently not cleahather this
rate applies to more substituted SCI as formed fronoterpenes but the use of these higher
decomposition rate in the model by (Novelli et 2D14b) would result in a totakcign of ~
110 % This loss rate would decrease the estimated 8@entration by almost a factor of 3,
closer to the lower estimates not exceedinyr6lecule cni; this also casts doubt on the
highest estimates given in figure 3. Thereforegmtml estimate SCI concentration of about 5
x 10" molecules ci, with an order of magnitude uncertainty, is coasédl more appropriate

for both campaigns.
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4 The source of the OH background signal

In this section we examine the background OH sjgDéd,g (Novelli et al., 2014b) measured
during the two field campaigns discussed in thevipres sections. In particular, we examine

if this signal is consistent with the SCI chemisind concentrations indicated above.

4.1 Correlation of OHyg With temperature

The time series of the background OH signal medsdteing the HUMPPA-COPEC 2010
and HOPE 2012 campaigns are shown together witheeature and JAD) values in Fig. 4.
Increases and decreases in thepsignal follow the temperature changes. During the
HUMPPA-COPEC 2010 campaign the gHshows a strong correlation with temperature
(Fig. 5) with a correlation coefficient R = 0.8 fohe exponential fit. The exponential
dependency with temperature is in agreement with dhown by Di Carlo et al. (2004) for
the unexplained OH reactivity and indicates thatshecies responsible for the gJldtrongly
correlate with emission of biogenic VOC (BVOC) suahmonoterpenes and sesquiterpenes,
which have been shown to also exponentially depemctemperature (Guenther et al.,
1993;Duhl et al., 2008;Hakola et al., 2003). Thiggests that O} is directly related to
BVOC chemistry. The relationship between Qldnd temperature during the HOPE 2012
campaign is less obvious. It is possible to observeeakly exponential correlation between
the two (R = 0.51, Fig. SI-3) but there is verygkarscatter in the data. It is worthwhile to
underline the differences between the two envirantseThe forest in Finland is essentially
pristine and BVOC dominated while in southern Gemyna larger fraction of non-biogenic
VOC was observed. The lack of a clear exponent@iretation between Ofg and
temperature during the HOPE 2012 campaign couldyestgdifferent precursors or a

different origin for the Olg within the two environments.
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During both campaigns a negligible correlation, R.2, was observed between background
OH and J(@D). This suggests that the @Jtloes not primarily originates from photolabile

species.

4.2 Correlation of OHpg with unexplained OH reactivity

As described in section 3.3, during the HUMPPA-ECF2010 campaign high average OH
reactivity was observed (~ 9)s of which between 60 % and 90 % cannot be expiainye
the loss processes calculated from the measuredespéNolscher et al., 2012). A large
unexplained fraction of the reactivity has ofteneeobserved, especially in forested
environments (Di Carlo et al., 2004;Sinha et 0&Edwards et al., 2013) indicating a large
fraction of undetected BVOC and/or secondary oxisaproducts. The Ol shows some
correlation with the measured unexplained OH redgtiat 18 m, for the period on the
ground (R = 0.4), and the measured unexplained éidtivity at 24 m, for the period on the
tower (R = 0.4) (Fig. 6). If we consider only nighme data, i.e. J@D) < 3 x 10° s* (Hens

et al., 2014)we obtain better agreement between the two datasébth ground and tower
periods. During the night a large fraction of obselr OH production (section 3.4) could not
be explained, which can tentatively be attributedfdrmation of OH from ozonolysis of
BVOC, suggesting that the background OH could leted to such a process. Correlation
between the Ok and the OH reactivity was also observed in a shydiao et al. (2012) in

a Ponderosa pine plantation (California, Sierra ddiavMountains) dominated by isoprene

where even higher OH reactivity was observed (90

During the HOPE 2012 campaign such a correlatiah thie unexplained OH reactivity was
not observed (R = 0.1). The OH reactivity was, orrage, 3 times less than during the
campaign in Finland and, as shown in section 3f3which 50 % can be explained by

reaction of OH with methane, formaldehyde, acetatde, inorganic compounds (NOx, O
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CO) and anthropogenic VOC. On average only 17 %hef ®H reactivity is caused by

reaction of OH with BVOC in this environment (Fid-&, dropping to 10 % during the

night. The unexplained OH reactivity is not infleed by distinguishing between day and
night time data suggesting a small contributiomofi-measured BVOC. As this site is more
strongly affected by anthropogenic emissions (T&ik2) compared to the site in Finland,
assuming that the Qf originates from BVOC driven chemistry, a lack dfrielation

between Olgy and OH reactivity can be expected.

4.3 Correlation of OHyg with ozonolysis chemistry

During the HUMMPA-COPEC 2010 campaign a high catieh with Q, R = 0.7 (Fig. SI-
4), indicates that background OH likely originatesm ozonolysis processes. A comparison
of background OH with the product of ozone conaiun, measured unsaturated VOC
concentration and their ozonolysis rate coefficidoés not show the same relationship. No
correlation (R = 0.05) is found by using the meaduBVOC concentrations (Table SI-1). As
most of the OH reactivity remains unexplained, witeasured BVOC comprising less than
10 % of the measured OH reactivity (Fig SlI-1, TaBle2), the lack of correlation could
suggest that the VOC responsible for the formatdnSCl detected by the HORUS
instrument are likely part of the large fractionusfmeasured species to which a correlation

was reported in the previous section.

During HOPE 2012 a weak correlation was observeéddrn background OH and ozone (R
= 0.5, fig. SI-5). This campaign, from July™@ August 18 2012, encompasses a time
period, from i'to 3% of August 2012, which was characterized by tretéirayin the vicinity

of the measurement site. During this period a ficanitly larger fraction of unexplained OH
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reactivity, up to 40 % (Fig. SI-6), was observedisT$uggests the presence of unidentified
BVOC emitted from the trees as a result of thesstiaduced on the plants from the cutting
activity, yet the concentrations of the BVOC lisiadable SI-1 did not show any particular
increase during the same period. Figure 7 showsctheelation between Qfg and the
product kel VOC][O3] of measured unsaturated VOC concentration (T&b#&), [O;] and
the relevant ozonolysis rate coefficients. In reel depicted the data points belonging to the
tree cutting period, which naturally correspondatdarger OHy concentration for similar
concentrations of measured VOC during the rest h&f tampaign, as the additional
contribution from the non-identified BVOC is nedied. The overall correlation appears to
be pretty poor in particular due to the few poistattering in the lower right corner. These
points all belong to three consecutive days, frobf' 20 28" of July, which were
characterised by high temperature and large coratemts of BVOC (Table SI-3). As
noticeable in figure 4, during those three days @, strongly deviates from the
temperature trends and reaches lower values. Asepte the reason for such a low
concentration of Ok} during a period which should favour its formatibiit ioriginates from
SCl, is unclear. The instrument was left unattenatethe site and the drop in the quality of
the signals required its shutdown on the evenintp@f28' of July. However, as no evidence
was found to suggest an error in the data the phiave not been discarded. Excluding that
period yields a correlation factor of R = 0.65. Tdwerelation line intercept could arise for a
number of reasons. Unmeasured components of thee@ttivity (i.e. unspeciated VOCS)
are not accounted for in the calculation, and acting for this unmeasured reactivity in this
calculation would shift the data to higher [VOCEatleasing the positive intercept. This is
also consistent with a higher intercept for thelingttree period where a larger unexplained

OH reactivity was observed. It is also conceivathlat the intercept is in part due to an
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additional, non-ozonolysis source of background hhe candidate for the night time
periods could be Ng€asfound in the work byuchs et al. (2016). Unfortunately, there was no
measurement of the NQadical during the HOPE 2012 campaign, but basegrevious
studies (Handisides et al., 2003), a concentratfpto 14 pptv of N@could be present and

could have a detectable impact.

Apart from the possible partial origin of @fffrom a NQ or other interferences, there are
also indications that the background OH could oagg from ozonolysis of unsaturated
biogenic compounds. The correlation analysis reguihat all VOCs are accounted for, and
omitting large contributions from unspeciated VOG@s, evidenced e.g. by OH reactivity
measurements, can be expected to reduce the ¢immelas observed in the case of
HUMPPA-COPEC 2010. The lack of correlation duritg tperiod from 28 to 28" July

2012 during HOPE-2012 characterised by large BV@3&ions remains unclear.

4.4 Correlation of OHpg with P(H2SO4)unex

During both campaigns, measurements ¢8®, SG, OH and CS (condensation sink) were
performed allowing the calculation of the sulfuaicid budget in the gas phase. As shown by
Mauldin Il et al. (2012), during the HUMPPA-COPEXD10 campaign the well-known $0
oxidation process by OH (Wayne, 2000) (Eq. 1) wassufficient to explain the measured
concentration of bEBOs. As shown in section 3.1, half of the productiaterof HSOy, ~ 1 X

10" molecules cii s*, cannot be explained by reaction with OH radiq@ig. 8). The
missing oxidant is assumed to be SCI, as discussexction 3.1, because of their fast
reaction rate with S© As our hypothesis about the origin of the @Hupports this

assumption, we compared the ;§Ou]unex Observed during the HUMPPA-COPEC 2010
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campaign with the Of multiplied by SQ for the ground-based period when the instruments
(HORUS and CIMS) measured side-by-side (Fig. 9 o datasets indicate a correlation
coefficient of R = 0.6 suggesting that, whicheveedes is responsible for the oxidation of
SO, is related to the formation of OH within the HORlhstrument.

Note that for the HOPE 2012 campaign the same hucigjeulation shows only a small
fraction (10 %) of unexplained 80, production rate (Fig. 2).

Assuming SCI to be the unknown S@xidant, the results observed in both campaigesrar
agreement with the modeling study by Boy et al1@0who analyzed measurements at the
same sites described in this study. Similar toresult, they found a larger contribution of
SCI in the formation of 5O, for the boreal forest compared to rural Germany.tide OH
concentration differs by, on average, less thafoSfetween the two environments, a similar
concentration of SCI in HOPE to that calculated f@MPPA-COPEC 2010 would
contribute up to 30 % in the formation o£$0,. However, the K5O, budget during this
campaign can approximately be closed by only camid the measured OH concentrations,
suggesting that the concentration of SCI in thigiremment is smaller than that during the
HUMPPA-COPEC 2010 campaign. This is consistent withcalculation in section 3 based

on the smaller reactivity and hence smaller VOCceatration in this environment

4.5 Scavenging experiments

A series of scavenging tests of the @@kas performed during the HOPE 2012 campaign to
help identify the interfering species. S®as chosen as scavenger for the species cauging th
OHyg, as it has been shown in several laboratory ssudieeact quickly with SCI (k ~ 3.3 x
10" cn® moleculé® s*) mostly independently of their structure (Taatsal., 2014). The
injection of SQ was performed through the IPI system (Novellilet2014a) together with

an OH scavenger. First the OH scavenger propaneinjexted within IPI to remove the
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atmospheric OH; subsequently, S@as injected in addition to the OH scavenger (EiQ).
The concentration of Ss small enough not to scavenge SCI inside thepgimgsure section
of the instrument, nor is it additionally removiagmospheric OH within the IPI system as
the lifetime of OH by reaction with SQs 200 times than of propane. With the addition of
SO (1 x 10° molecules ciiin the sampled air) it is possible to suppressQ@i, signal
from the instrument to within the zero noise, iradiice that the OBR, signal originates from

an SCl-like species that reacts with,SDd decomposes unimolecularly to OH.

4.6 SCl as a source of background OH

During the HUMPPA-COPEC 2010 campaign the backglo@H showed a strong
exponential relationship with temperature (R = (8Y it correlates with unexplained OH
reactivity (R = 0.5), which suggests correlatiothaBVOC, with ozone (R = 0.7), and also
with the P(HSOs)unex (R = 0.6). During the HOPE 2012 campaign a weagoagntial
correlation with temperature was recognized (R5) But no correlation was observed with
OH reactivity. The Olg correlated with the product of ozone and unsagdr&tOC for most
of the campaign (R = 0.6) although not for a peradchree days at the end of July with
partly higher BVOC-Q turnover. In addition, during HOPE 2012 the Hignal was

scavenged by the addition of $O

All evidence presented indicates that substantatspof the Olgy originates from a species
formed during the ozonolysis of unsaturated VOQ tieromposes into OH, is removable by
SO, and, if present in a significant concentratiorgréases the $$0, production. We are
currently not aware of any chemical species, othen SCI, known to oxidise S@t a fast

enough rate and also decompose into OH. In addi@RUS was shown to be sensitive to
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the OH formed after unimolecular decomposition @fl $ the low-pressure region of the
instrument (Novelli et al., 2014b) in controlledbtaatory studies. During the HUMPPA-
COPEC 2010 campaign, the correlation with OH re@gtimproved when considering only
data during night time, the period during whichighler fraction of the production rate of OH
could not be accounted for (Hens et al., 2014)eédd during the night recycling via
HO,+NO is low due to the negligible NO concentratigherefore a different path of
formation of OH is expected. One likely path cob&lthe formation of OH from excited and

stabilised ClI formed from ozonolysis of unsaturatechpounds.

The considerations above are all consistent wighhiypothesis that Qff largely originates

from unimolecular decomposition of SCI in the figlslwell as in the laboratory.

Attempts to analyse the absolute concentrationGififaised on our O}, however, indicates
that this hypothesis is not without difficulties.p&rticular problem is that to date no method
is available to produce and quantify a known cotregion of a specific SCI conformer,
which precludes the absolute calibration of SClegated OH.A priori, it seems unlikely
that the IPI-LIF-FAGE instrument calibration factéor ambient OH, i.e. sampled from
outside the instrument through the nozzle, is idahto the sensitivity for OH generated
inside. The transmission factor through our nozitehole is currently not known for OH
radicals; the calibration factor used for ambieht &counts for this transmission as well as
for e.g. OH losses on the walls, alignment of thétevcell, transmission optics, and response
of the MCP. These last three factors should affeetOH generated from any interfering
species similarly, while wall losses and transmissihrough the pinhole are different and
possibly also differ between SCI conformers. Aditlly, different SCI vary in their
unimolecular decomposition rates and hence affatibration by a different time-specific

OH yield. For example, theoretical studies (Verescknd Francisco, 2012) and laboratory
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experiments (Smith et al., 2016) indicate that @oetoxide will decompose faster thgym-
acetaldehyde oxide causing the formation of a wiffe amount of OH, which in turn will
also be affected by different loss rates in the ppessure segment of the instrument. Thus, it
is not possible to convert the internal OH to ascdilite SCI concentration since the mixture
of SClI is not known. At best one could obtain anetage" sensitivity factor, if one knew the
OHyg formed from a series of reference SCI conformensl if the ambient SCI speciation is
known and not too strongly dependent on reactioritions. To further illustrate the need of
a SCl-specific calibration, we try to simply calatd the external [SCI] from the internal
OHyyg signal strength, calibrated based on the combéxgeérimental and modelling study by
Novelli et al. (2014b). For a SCI mixture that beds identical to syn-C}#€HOO, the Olgy
from the HUMPPA-COPEC 2010 campaign would thendaté an external [SCI} 2 x 10
molecules cni, well above the estimates presented in sectioh@eover, the observed
OHyyg signal interpreted in this way would imply an aeridi OH production exceeding 4 X
10° molecules c s, clearly in disagreement with known chemistry, afsb inconsistent
with our estimates (Fig 1). If we assume a fasesoehposition rate for the SCI of 208, &
higher fraction of the SCI decomposes in the loespure region, i.e. 80 % compared to 25
% for ki = 20 &, This leads to a higher OH signal per SCI, anchfthis a [SCI] of 4 x 1D
molecules crii, though the implied ambient OH production wouldhaén significantly too
high. Thus, the conversion of the OH signal to beotute concentration of ambient SCI is
not unambiguous without full SCI speciation and\klealge of their chemical kinetics. Note
furthermore that these [SCI] estimates would regmesa lower limit as we only observe SCI

that decompose to OH, whereas ardi-SCI convert to acids/esters.

In an effort to work towards SCI-specific calibmatj we probed the transmission of OH and

syn-CH3;CHOO through the nozzles and the low-pressure megiothe instrument, with
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explorative laboratory tests using a traditionatzie and a molecular beam skimmer nozzle.
The difference between these two nozzles is shovirigure 11: the traditional nozzle, with a
pinhole drilled through the tip of a cone, is cltdesized by quick gas expansion in the area
immediately below the pinhole, contacting the waliface of the bore. During ambient
measurements, deposition of molecules in positian Rigure 11 has been observed, further
illustrating the prevalence of wall contact. Theletular beam skimmer nozzle, on the other
hand, has much thinner sidewalls and a signifigantirrower gas expansion, strongly
reducing wall contact. The laboratory test showmat the OH radical has a 23 % higher
transmission through the molecular beam nozzle ewetpto the traditional nozzle. Thgn-
acetaldehyde oxide did not show any statisticdeddhce in the transmission between the
two nozzles. This indicates that (a) SCI and OHehawifferent transmission efficiency and
most likely different wall losses, underlining tithe OH calibration factor is not applicable
to SCI for ambient measurements, and (b) that #idbration factor for OH obtained for
ambient OH alone does not allow the quantificattbithe absolute OH concentration in the
low-pressure section of the FAGE instrument. Thithe fundamental reason why the earlier

simple estimate of [SCI] and OH production leadsttong over-estimations.

In addition to the above effects, one should atswsider that OH-production from SCI in the
low-pressure section might be catalysed to proe¢edtes beyond their ambient counterpart,
biasing our interpretation of their ambient fatdneTcatalysis might involve wall-induced
isomerisation of the higher-energinti-SCI to the more stable, OH-producisgn-SCl,
which would artificially increase thgyn:anti ratio. Another possibility is the evaporation of
clusters stabilizing the SCI, as it is known th&tl &fficiently form complexes with many
compounds, including water, acids, alcohols, hydropides, HQ radicals, etc. (Vereecken

and Francisco, 2012). Redissociation of secondapnides (SOZ) seems less important,
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except perhaps the SOZ formed with J@plincourt and Ruiz-Lépez, 2000), which has no
alternative accessible unimolecular channels. &sent, insufficient (if any) information is

available to assess the impact of such catalysis.

Taking into account the factors considered abowd,assuming that the estimates for the SCI
concentration in both environments are correcapjpears unlikely that SCI are responsible
for such a large O} signal as observed by the HORUS instrument. If 8€le to be solely
responsible for the Olgsignal, the HORUS instrument would need to be farersensitive

to the detection of SCI than to the detection of @Hicals by, for example, pinhole losses
that are 100 times smaller for SCI than for OH calli. The evident discrepancy between the
gualitative evidence in support of the SCI hypoihesd the current quantitative difficulty in
reconciling the Olg, signal with the estimated ambient concentratioi®©f does not allow
an unequivocal identification of the origin of ti@H,, within our system. It cannot be
excluded that multiple species are contributinghte OH,y signal. NQ chemistry during
night time has been identified as a possible soafd®@H,g in the LIF-FAGE instrument of
the FZ-Jilich (Fuchs et al., 2016). However, indhse of the large observed night timey@H
concentrations during HUMPPA-COPEC 2010, the measnight time N@ concentrations

was below 1 ppt and therefore too small to explaobserved Ok

5 Conclusions

We estimated a steady state concentration of SICthis HUMPPA-COPEC 2010 and the
HOPE 2012 campaigns based on a large datasein§tidm four different approaches, i.e.
based on unaccounted (i.e. non-OH}SH, oxidant, measured VOC concentrations,

unexplained OH reactivity or unexplained productioates of OH, we estimated the
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concentration of SCI to be between ~* #dd ~ 16 molecules cii. The highest values in
this range are linked to an assumed low rate adeffi for SCI + S@ of 5 x 10" cn?
moleculé" s* (see section 3.1), which is at odds with a largedy of more direct
measurements on this rate coefficient. Hence, highleies appear to be relatively less likely.
We thus obtain a central estimate SCI concentratfabout 5 x 1Omolecules cii, with an
order of magnitude uncertainty, for both campaigAs. such concentrations, SCI are
expected to have a significant impact opSBy, chemistry during the HUMPPA-COPEC
2010 campaign while during the HOPE 2012 campalignir timpact is much smaller and
possibly negligible. Additionally, it was shown th&ased on the yields and unimolecular
decomposition rate applied in this study, SCI dd have a large impact on the OH
production compared to the direct OH generationmfrozonolysis of unsaturated VOC.
During both campaigns, the IPI-LIF-FAGE instrumelgtected an OH background signal
that originates from decomposition of one or mgrecses inside the low pressure region of
the instrument. The source compound of the,Okas shown to be unreactive towards
propane but to be removed by Sé&nhd a relationship was found with the unaccountg®iQy
production rate. It correlates with temperaturg¢hie same way as the emission of terpenes
and, in most but not all measurements periods, Wiéhproduct of unsaturated VOC and
ozone as well as with the OH reactivity. While & not possible at the moment to
unequivocally state that Qi originates from stabilised Criegee intermediatéise
observations are consistent with known SCI chegnistihe contribution of SCI to the
observed Ok} cannot be quantified until a calibration scheme $€I in the IPI-FAGE

system has been developed.

The predicted SCI concentrations derived in thiglgtare low, likely not exceeding 210

molecule cri¥ therefore, the presence of SCI is unlikely to havdarge impact on
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1 atmospheric chemistry; the main exception appearbet HSO, production in selected

2 environments.
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1 Table 1. Average concentration (molecule®nwith 1s variability, of trace gases relevant for this

2 study.
HUMPPA-COPEC
Compound HOPE 2012
2010
S0 (14+1.7)x 1 (2.2+2.3)x 10
H,S0,2 (2+2)x16 (8.5+8.5)x 10
OH? (7+8)x10 (1.6+1.6)x 10
03 (1.1£0.2) x 1& (1.1£0.3) x 1&
T[vVOC]*® (73+7.1)x18 (9.8 +9.0) x 18
OH Reactivity 9.0+ 7.6° 3.5+3.0°
Condensation sink (CS) (10 £4.0) x 16° (7+3)x10°°¢
3 b, HUMPPA COPEC 2010: isoprene)/(+) a-pinene, £)/(+) p-pinene, 3-carene, and
4 myrcene.
5 HOPE 2012: isoprene;pinene B-pinene, 3-carene, myrcene, limonene, 2-
6 methylpropene, but-1-ene, sabinepéerpinene, propene, cis-2-butene and ethene.
7 ¢, Units: &,
8
9
10
11
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Figure 1. Total production rate 080, (P(H:SO)ior) as a function of the production rate of

H.SO, from the reaction between OH and Rf0ring the HOPE 2012 campaign. The linear

regression, following the method of York et al. @2), yields a slope of 0.9 0.02 and a

intercept of 57 = 7.
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2 Figure 2. Schematic representation of the formatio®H from the ozonolysis of unsaturated

3 VOC.
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2 Figure 3. Schematic overview of the estimated stesidte concentration of SCI ([S&]
3 molecules cri) observed during the HUMPPA-COPEC 2010 and HOPE2 2tampaigns.
4  For both campaigns the SCI estimate is based onuttsaturated VOC concentration
5 measured, [VOC], and the,80O, budget using different SCI+S@ate coefficients @d¢i+so2

6 in cn? moleculé' s%). In addition, during the HUMPPA-COPEC campaignl $@n be
7  calculated from the unexplained OH reactivity,dRiaines and unexplained OH production,
8 F?Jno<:<plajned' See main text for more details (Section 3).
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4  Figure 4. Background OH (red diamonds) measurethgluhe HUMPPA-COPEC 2010 (a,
5 ground and b, tower) and the HOPE 2012 (c, July danflugust) campaigns together with
6 scaled J(@D), multiplied by 4 x 16 and 4 x 16 for HUMPPA-COPEC 2010 and HOPE
7 2012, respectively (orange), and scaled temperdiuiéed by 90 and 160 K for HUMPPA-
8 COPEC 2010 and HOPE 2012, respectively (green).
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2 Figure 8. Comparison of the totab$, production rate (black line), calculated from the
3 measured bSO, and the production rate of,80, (red line) involving only the oxidation
4  process of Spby OH for the ground measuremerdaring the HUMPPA-COPEC 2010

5 campaign.
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2 Figure 10. S@ injection test within IPI during the HOPE 2012 gzign. The blue data
3 points represent the total OH measured when natiojeis performed. The black data points
4  represent the background OH when propane (2.5'kri6lecules cri) is scavenging > 90
5 % of ambient OH. The red signal is the background @iderved when in addition to

6 propane S@(1 x 1d° molecules cri) is also injected.
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Traditional nozzle Molecular beam skimmer nozzle

2 Figure 11. Schematic representation of the flowepas in the traditional (left) and molecular

3 beam (right) nozzles. "A" indicates the area wdEgosition of particles is observed.
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