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The gas-phase reaction of alkenes with ozone is known to produce stabilisede Criege
intermediates (SCIs). These biradical/zwitterionic species have thatipbte act as
atmospheric oxidants for trace pollutants such as, 86hancing the formation of Ifate
aerosol with impacts on air quality and health, radiative transfer andtelitdawever, the
importance of this chemistry is uncertain as a consequence of limited andergtof the
abundance and atmospheric fate of SCls. In this work we apply experimental, thearetic

numerical modelling methods to quantify the atmospheric impacts, abundance,earaf fat
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1 the structurally diverse SCls derived from the ozonolysis of monoterpenes, the second mos
2 abundant group of unsaturated hydrocarbons in the atmosp¥ereave investigated the
removal of S@ by SCI formed from the ozonolysis of three monoterpehegir(ene, " -
4 pinene and limonene) in the presence of varying amounts of water viaptargescale
gimulation chamber experiments. The ;.S®moval displays a clear dependence on water
6 vapour concentration, but this dependence idinear across the range ofo[B] explored. At
7 low [H20] a strong dependence of S@moval on [HO] is observed, while at higher {8]
8 this dependence becomes much weaker. This is interpreted as being cabseprbgitction
9 of avariety of structurally (and hence chemically) different SCI in each of thensyste
10 studied, each displaying different rates of reaction with water and of uninmalecul
11 rearrangement/decomposition. The determined rate conkB®d;+H,0), for those SCI that
12react primarily with HO range from 4 B 318 10° cm® s*. For those SClI that predominantly
13 react unimolecularly, determined rates range from 130 D24these values are in line with
14 previous results for the (analogous) stereo-specific SCI systaynahti-CH;CHOO. The
15 experimental results are interpreted through theoretical studies of the SGilemilar
16 reactions and bimolecular reactions with(h characterised fdr-pinene and -pineneat the
MO06-2X/augec-pVTZ level of theory. The theoretically derived rates agree with the
18 experimental results within the uncertainties. A global modelling study,yiagplthe
g@Qperimental results within tHeEOSChem chemical transport model, suggests that > 98 %
of 2Be total monoterpene derived global SCI burden is comprised of SCI whose structure
Zetermines that they react slowly witkater, and whose atmospheric fate is dominated by
22 unimolecular reactions. Seasonally averaged boundary layer concentrations of monoterpene-
Perived SCI reach up to 1#210* cm™® in regions of elevated monoterpene emissions in the
24 tropics. Reactions of monoterpene derived SCI with &@ount for < 1 % globally but may
29ccount for up to 50 % of the gas-phase, Inoval over areas of tropical forests, with
26 significant localised impacts on the formation of sulfate aerosol, and Hemdiéetime and
27  distribution of SQ.

28
29 D$ T/&+(57-&(/$

30 Chemical oxidation processes in the atmosphere exert a major influence asplagnc
31 composition, leading to the removal of primary emitted species, and the fornwdition

32 secondary products. In many cases either the emitted species or theirooxtatiucts

2
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1 negatively impact air quality and climate (e.g. ozone, which is also atmyeenhouse gas).
These reactions can also transform gas-phase species to the condensedophase

secondary aerosol that again can be harmful to health and can both directly esatlyndi

4 influence radiative transfer and hence climate (e.g. &@lation leading to the formation of

5 sulfate aerosol).

6 Tropospheric gas-phase oxidants include the OH radical, ozone, thedi€al, and halogen

10
11
12
13
14
15
16
17
18
19
20

21

23
24

atoms.Stabilised Criegee intermediates (SCIs), or carbonyl sxidave been identified
as another potentially important oxidant in the tropese €.9.Cox and Penkett, 1971,
Mauldin et al.,2012). SCls are thought to be formed in the atmosphere miealatly
from the reaction of ozone with unsaturated hydrocarbtisigh other processes may
be important under certain conditions, e.g. alkyl iedghotolysis (Gravestock et al.,
2010), dissociation of the DMSO peroxy radical (Asatryamd Bozzelli, 2008).
Laboratory experiments and theoretical calculations Baweevn SCI taxidise SQ (e.g.
Cox and Penkett, 197Welz et al.,, 2012; Taatjes et al., 2p18rganic (Welz et al.,
2014) and inorganic (Foreman et al., 2016) acids (Vereesikah, 2017)anda number
of other important trace gases found in the atmosphemelasis forming adducts with
NO; (Taatjes et al., 2014; Vereecken et al., 2017; Caravah, 2017)Measurements in
a boreal foregtMauldin et al., 2012) and at a coastal f8erresheim et al., 2014) have
both identified a Omissing® process (in addition to reagtio OH) oxidising SQ to

H,SO, potentially arising from SCI reactions.

Here, we present results from a series of experimental studies into SClidarraat
re@&ions, carried out under atmospheric boundary layer conditions in the European
Photochemical Reactor facility (EUPHORE), Valencia, Spain. We exammnezionolysis of

three monoterpenes with very different structures (and hence reactivitieshvidhdozone):

23 -pinene (with an endocyclic double bonti)pinene (with an exocyclic double bond) and

26

28
29
30

limonene (with both an endo and exo cyclic double bond). We observe the removalinf SO
tH&y presence adachalkene-ozone system as a function of water vapour concentration. This
allows us to derive relative SCI kinetics for reaction withOHSQ, and unimolecular
decomposition. Further, we calculate absolute unimolecular rates and bimolezadtion
rates with HO for all! -pinene and -pinene derived SCI at the M06-2X/aagpVTZ level

31of theory. A global modelling study, using tB&OSChem global chemical transport model,
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1 is performed to assess global and regional impacts of the chemical kioketiwonoterpene

SCI determined in this study.

DAD 8&%4,1,)#5$6+ #3#H#ST/&#H+'#5,%&H#$U, /#85-)

Ozonolysis of an unsaturated hydrocarbon produces a priomogide that rapigl
decomposes to yield pairs of Criegee intermediates (Ck)carbonyls (Johnson and
Marston 2008).The populationof Cls are formed with a broad internal energy
distribution givingboth chemically activated and stabilised forms. Chemicallyated
Cls may undergo coflional stabilisation to an SCunimolecular decomposition or
isomerisation. SCls can have sufficiently long lifetim@simdergo bimolecular reactions
(Scheme 1).

The predominant atmospheric fate for the simplest S8ELOO, is reaction with water
vapour (likely with the dimer ((HO),) (e.g. Berndt et al., 2014; Newland et al., 2015a
Chao et al., 2015; Lewis et al., 2015n et al., 201%. For larger SCI, both experimental
(Taatjes et al., 2013; Sheps et al., 20ddwland et al., 2015 Huang et al., 20)5and
theoretical (Kuwata et al., 2010; Anglada et al.,20Anglada and Sole, 201 6&tudies
have shown that their kinetics, in particular reactiothwivater, are highly structure
dependent. The significant double bond character exhibited in theitterionic
configurations of mono-substituted SCI leads to two mtistchemical formssynSCI
(i.e. those where an alkyl-substituent group is on the sadeeas the terminal oxygen of
the carbonyl oxide moiety)), arahti-SCI (.e. with the terminal oxygen of the carbonyl
oxide moiety on the same side as a hydrogen group).tviidheonformers of CECHOO,
which are both monsubstituted display these properties. This difference in conformer
reactivities has been predicted theoretically (Ryzh&od Ariya, 2004, Kuwata et al.,
2010; Anglada et al., 2011Lin et al.,, 201% and was subsequently confirmed
experimentally (Taatjes et al., 2013; Sheps et al.,, 2014) for the @&CHOO
conformers. The significantly faster reactionamiti-CH;CHOO with water is driven by
the highempotentialenergy of this isomer, while more stable SCI, with a meghyup in
synposition, such asynCH;CHOO or (CH),COO, react orders of magnitude more

slowly with water.

SCI can also undergo unimolecular isomerisation/decomposition in competititn wit

31 bimolecular reactions. This is likely to be a significant atmosphericfsr syn-SCI because



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1095 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 5 December 2017 and Physics

¢ Author(s) 2017. CC BY 4.0 License.

© 0 N O U A o,

10
11

12

13

14

15

16

17

Discussions

of their slow reaction with water vapour (e.g. Huang et al., 2015). Unimolecuéioreaof
KnCI/SCI are dominated by a 1,4-H-shift, forming a vinyl hydroperoxide (VHP)
intermediate (Niki et al., 1987; Rickard et al., 1999; Martinez and Herron, 1987; Jaimtson
Marston, 2008; Kidwell et al., 2016). Decomposition of WP formed inthis processds an
importantnon-photolytic source ofOH, HO,, and RQ in the atmosphere (Niki et.al
1987; Alam et al., 201 Xidwell et al., 201§ whichcan also lead to secondary organic
aerosol formation Ehn et al., 2014 Unimolecular reactions of thanti-CI/SCI are
thought tobe dominated by 1,3ring closure, the Oacid/ester channilQyhich the
CI/SCI decomposes, through a rearrangenterd dixirane intermediate, producing a
range of daughter products and contributing to the obdeoverall HQ radical yield
(Kroll et al., 2002;Johnson and Marston, 2008; Alam et al., 2013).

Alkene! O; % $SCI! (% & $)Cl! RCHO (R1)
SCI! SO,-S0;! RCHO (R2)
SCIl Hy0 =S )*+,-./0 (R3)
SCI3 Products (R4)
SCI! acid= Products (R5)
SCI! (H20)2"—4>Products (R6)

18 Decomposition of the simplest SCI, @b, is slow (< 10 ) and is not likely to be an

20
21

23
24

imd&tant sink in the troposphere (e.g. Newland et al., 2015a; Chhantyal-Pun et al., 2015).
This decomposition occurs primarily via rearrangement through a OhotO acid spieties, w
represents the lowest accessible decomposition channel (Gutbrod et al., Eg86etAal.,

2211; Chen et al., 201&)owever, recently determined unimolecular reaction rates of larger
synSCI are considerably faster. Newland et al. (2015a) reported unimolecular reatgion
constants forsynCHsCHOO of 348 (+ 332) S and for (CH),COO of 819 (+ 190) 5

25 (assuming k(synCH;CHOO+SQ) = 2.9 # 10™ cm® s® (Sheps et al., 2014) and

27

2&((CH3),CO0+SQ) = 1.3# 10 cm® s* (Huang et al., 2015), respectively). Smith et al.
(2016) measured the unimolecular decomposition rate 0§)§CBO to be 269 (+ 82)'sat
283 K increasing to 916 (+ 56)'sat 323 K, suggesting the rate to be fast and highly

2&mperature dependent. Novadti al. (2014), estimated a significantly slower decomposition
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lrate for yn-CH;CHOO of 20 (3-30) $ from direct observations of OH formation, while
Fenskeet al.(2000), estimated the decomposition rate o CHOO (i.e. a mix oynand
anti conformers) produced from ozonolysistgfnsbut-2-ene to be 76’s(accurate to within
a factor of three).

DAS >(/(&#+*## BO(/(12),) $

Monoterpenes are volatile organic compounds (VOCs) with the general fornutas C
which are emitted by a wide range of vegetation, particularly from boreal fofests$ global
monoterpene emissions are estimated to be 95 (+ 3) TdSindelarova et al., 2014) -
rodghly 13 % of total non-methane biogenic VOC emissions. Monoterpene emissions are
ddminated by -pinene, which accounts for roughly 34 % of the total global emissions, while
"-giene and limonene account for 17 % and 9 % respectively (Sindelarova et al., 2014).
M@noterpenes (mainly-pinene and limonene) are also present in indoor environments, in
significant amounts where cleaning products and air fresheners are in routine tke (on
ordér of 100s of ppbv) (e.g. Singer et al., (2006); Sarwar and Corsi, (2007)), where their

ozonolysis products can affect indoor chemistry and heelth Rossignol et al., (2013);

17 Shallcross et al., (2014)).

18

20
21

23
24
25
26
27

Monoterpenes are highly reactive due to the presence of (often multiple) double bonds. The
dRidation of monoterpenesieids a wide range of multi-functional gas-phase and aerosol
products. This process can be initiated by OH B4 radicals or by @ with ozonolysis

having been shown to be particularly efficient at generating low volatility prothatsan

fd2th SOA, even in the absence of sulfuric acid (e.g. Ehn et al., 2014; Kirkby et al., 2016).
These highly oxygenated secondary products have received considerable attention in recent
years because of their role in affecting the climate through absorption atetisgaif solar
radiation (the direct aerosol effect). They can also increase cloud condensatien
concentrations, which can change cloud properties and lifetimes (the indiesxlaffect).

They have also been shown to have a wide range of deleterious effects on halthafe lie

28 PSschl and Shiraiwa, 2015).

29 The ozonolysis reaction for monoterpenes is expected to follow a similat pribcess to

30

that of smaller alkenes, with cyclo-addition at a double bond giving a primanjdez(POZ),
fdlbwed by rapid decomposition of the POZ to yield a Cl and a carbonyl (Scheme 1).
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1 Stabilisation of the large POZs formed in monoterpene ozonolysis is expectbd t

negligible (Nguyen et al., 2009). However, a major difference in ozonolysis at endocyclic

3 bonds is that, on decomposition of the POZ, the carbonyl oxide and carbonyl moieties are

4 tethered as part of the same molecule, providing the potential for further ioteratthe

two.5These can react together to form secondary ozonides (SOZ), which may be stable for

6 several hours (Beck et al., 2011). However, while this has been shown to be Whptietia

7 major fate in the atmosphere for SCI derived from sesquiterpemt)3e.g. Nguyen et al.,
8 2009b; Beck et al., 2011; Yao et al., 2014), formation of SOZ is predicted to bef@amal
9 monoterpene derived SCI because of the high ring strain caused by the tightiogolesgt

Ngl@en et al.,, 2009b). Chuong et al. (2004) predicted formation of a SOZ to become the

11 dominant atmospheric fate for SCI formed in the ozonolysis of endo-cyclic alkatiea

carlddh number between 8 and 15, while Vereecken and Francisco (2012) suggested that

13 internal SOZ formation is likely to be limited to product rings containirgosimore carbons
14 due to ring strain.

15 No studies have yet directly determined the reaction rates of the larger@&{Ciced from

I®onoterpene ozonolysis with $Jor any other trace gases). This is owing to the

17 complexities of synthesizing and measuring large SCI. However, Ahrens €04aK)
18 concluded that the reaction of the C9-SCI formeti-pinene ozonolysis with SOs as fast
19 as that determined by Welz et al. (2012) and Taatjes et al. (2013) f@CC&hd CHCHOO
20 respectively (ca. 4t 10™ cm® s%) by fitting to the decay of SOin the presence of the
21 ozonolysis reaction. Mauldin et al. (2012) calculated significantly slowetioaaates for an
22additional oxidant (assumed to be SCI) derived ftepinene and limonene ozonolysis, with
23 k(SCI+S0y) determined to be # 10 cm® s*and 8# 10™ cn? s for ! -pinene and limonene
24 derived SCI respectively. However, it seems likely that the rateslatdd by Mauldin et al.
25 (2012) may be substantially underestimated due to the assumption of a very |difigtiG@!
26 (0.2 s) in experiments that were performed at 50 % RH. The calculated ratedirszarly
27 with SCI lifetime and based on reaction rates of smaller SCI wit ¢feported since the
28 Mauldin et al. work, e.g. Taatjes et al., 2013) it seems likely thdlifétiene of the SCI in
2%heir experiments would have dremore like 0.1 B 2 107?s, increasing the calculated rate

cor@fants by more than an order of magnitude, bringing them into much closer agreement

3vith the rates reported by Ahrens et al. (2014).

32 Unimolecular reactions of the monoterpene SCI are expected to proceed rapidly through the

VAP route if a hydrogen is available for a 1,4 H-shift. Those SCI that cannot undergo this

7
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reafrangement may undergo unimolecular reactions via the formation of the dioxirane
2 intermediate, but this is expected to be a much slower process (Ngugkn 2009). In

contrast to smaller SCI, it has been observed experimentally, and predictedithdy, that

4 the VHP route will mainly lead to rearrangement to an acid (also yieltin@H radical)
5 rather than decomposition of the molecule (e.g. Ma et al., 2008, Ma and Marston,A2008).
6 for the smaller alkenes, monoterpene ozonolysis has been shown to be a so@géeof.H

7 Paulson et al., 1997; Alam et al., 2013), predominantly via the VHP rearrangerhent
8 MCMv3.3.1 (Jenkin et al., 2015) applies OH yields of 0.80, 0.35 and 0.87%guorene," -

9pinene and limonene respectively.

10 I"#'l $9%08%)* H*,(-*+$./0 $

11Decomposition of thé-pinene POZ yields four different;&£Criegee intermediates (Scheme
2: Ck1a, 1b, 2a, 2b), with the carbonyl oxide moiety at one end and a carbonyl group at the
13 other. Here, CI-1 is a mono-substituted CI for which tsyth(1a) andanti (1b) conformers
14 exist, while the other, CI-2, is di-substituted, for which syo-conformers (2a and 2b) exist.
15 Ma et al. (2008) infer a relative yield of 50 % for the two basic Cl formed, baséueon
160bservation that norpinonic acid yields from the ozonolysis-phene and an enone, which

Iupon ozonolysis yields ClI-1, are almost indistinguishable.

T total SCI yield from -pinene was determined to be 0.15 (+ 0.07) by SipilS et al. (2014)
19 in indirect experiments measuring the production e8® from SQ oxidation in the! -
20 pinene ozonolysis system. Drozd and Donahue (2011) also determined a total SCI yield of
alut 0.15 at 740 Torr, from measuring the loss of hydrofluoroacetone in ozonolysis
22 experiments in a high pressure flow system. The MCMv3.3.1 (Jenkin et al., 1997; Satinders
23 al., 2003; Jenkin et al., 2015) applies a value of 0.20 based on stabilisation dfeomgrto-
24 substituted CI-1.

25 I'#'H$ 1R $,(*+$./0 $

"-pihene ozonolysis yields two distinct conformers of the nopinone C9-Cl (Scheme 3: CI-3
27 and CI-4), which differ in orientation of the carbonyl oxide group, angdd@H CI-3 and Cl-4
28 are formed in roughly equal proportions with very little inter-conversion betweerwthe t
(N2fuyen et al., 2009). The difference in the chemical behaviour of CI-3 and CI-4, which were
30 often not distinguished in earlier studies, arises from the inability of thercattached to the

f@dr-membered ring to undergo the 1,4-H-shift that allows unimolecular decomposition via

8
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thelVHP channel. This was noted in Rickard et al. (1999) as being a reason for the
2 considerably lower OH yield (obtained via the VHP route) frbminene ozonolysis
@mpared to that ofl-pinene. This difference leads to contrasting unimolecular
4 decomposition rates for the two CI, with Nguyen et al. (2009) predicting a loss te50f
5* for CI-3 (viaa VHP) andca. 1 s' for CI-4 (via ring closure to a dioxirane). This result is
6 qualitatively consistent with the experimental work of Ahrens et al. (2014) detesmine a
raffo of 85:15 for the abundance of SCI-4:SCI-3 about 10 s after the initiation of the
8 ozonolysis reaction, as a consequence of the much faster decompositionS@te3ofThus
9 the potential for bimolecular reactions to compete with decomposition of SCI-SGrd in
10the atmosphere is very different.
11 Nguyen et al. (2009) theoretically calculate a total SCI yield ftgmmene ozonolysis of 42
12 %, consisting of 16.2 % SCI-3, 20.6 % SCI-4, and 5.1 %CEMH Ahrens et al. (2014)
13 assume an equal yield of CI-3 and CI-4 (45 %) with a 10 % yield g©CH40 % of the total
14 C9-ClI are calculated to be stabilised at 1 atm. If all of theGZHis assumed to be formed
15 stabilised (e.g. Nguyen et al., 2009) then this gives a total SCI yield of 46 %rEarl
16 experimental studies have tended to determine lower total SCI yieldsHagkon et al.
(2001) reporting a total SCI yield of 0.27 from measured product yields (almost entirely
18 nopinone) and Hatakeyama et al. (1984) reporting a total SCI yield of 0.25. Winteghalte
19 (2000) determined a yield of 0.16 (+ 0.04) for excited,@8 from "-pinene ozonolysis,
20 obtained via the nopinone yield and 0.35 for the stabilised C9-Cl, giving a total SCofyield
21 0.51 of all the CHOO is assumed to be stabilised. Also, experimental studies have tended
régort higher CHOO yields (determined from measured nopinone yields) than theoretical
23 studies. Nguyen et al. (2009) note that this could be because nopinone can als@terform
24  bimolecular reactions of SCI-4, hence experimental studies may overestthh@O
25 production. The MCMv3.3.1 incorporates a total SCI yield of 0.25 frgginene ozonolysis,
26 with a yield of stabilised C9-Cl of 0.102 and a £ yield of 0.148.

27 I"#"2$ JAB))* $(*+$./0 $

28 Limonene has two double bonds at which ozone can react. Theory tsupgeseaction at

29 the endocyclic bond is more likely; Baptista et al. (2011) calculateioraattthe endo-cyclic
bon8Qo be 84 b 94 % (dependent on the level of theory applied). Zhang et al. (2006) suggest

31 the reaction at the endo-cyclic double bond to be roughly 25 times faster ttren eato-

32 cyclic bond, i.e. leading to a branching ratio of ca. 96 % reaction at the endo bort and t

9
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curfent IUPAC recommendation (IUPAC, 2013) suggests about 95 % of the primary ozone
2 reaction to be at the endo bond. Leungsakul et al. (2005) reported a best fistorenments
3 from chamber experiments by assuming an 85 % reaction at the endo-cyclic bond/aat 15
4 the exo-cyclic bond.

5 Ozone reaction at the endo-cyclic bond of limonene produces four differg@ CScheme
64: Cl-5a, 5b, 6a, 6b). Similar to CI-1 and CI-2 fréapinene, CI-5 is a mono-substituted ClI
for which bothsyn(5a) andanti (5b) conformers exist, while the other, CI-6, is di-substituted,
forBwhich twosynconformers (6a and 6b) exist. Leungsakul et al. (2005) determined a total
9 SClI yield from limonene ozonolysis of 0.34, consisting of,G8 (0.05), CI-7 (0.04), CI-5
(0105) and CI-6 (0.11). SipilS et al. (2014) determined a total SCI yield of 0.27 (+ 0.12) from
11 indirect experiments measuring the production gb® from SQ oxidation in the presence
12 of the limonene-ozone system. The MCMv3.3.1 describes only reaction with ozone at the
13 endocyclic double bond and recommends a total SCI yield of 0.135 with stabilisatinly of
14 the mono-substituted CI-5.

15

16 :$ I;*#+'#/1&%1 $

17  ADP |;*#+"#&%1$F*+(%-"$$

18he EUPHORE facility is a 200 hsimulation chamber used primarily for studying reaction
19 mechanisms under atmospheric boundary layer conditions. Further details of the chamber
20 setup and instrumentation are available elsewhere (Becker, 1996; Alam214l), and a
21 detailed account of the experimental procedure, summarised below, is givewlani et al
22 (2015a).

23 Experiments comprised time-resolved measurement of the removak ah 8@ presence of
24 the monoterpene-ozone system, as a function of humidity. 8@ Q abundance were
25 measured using conventional fluorescence and UV absorption monitors, respectesly; al
26 abundance was determined via FTIR spectroscopy. Experiments were performed ik the da
27 (i.e. with the chamber housing closg@NO,) $ 10° s%), at atmospheric pressurea( 1000
28 mbar) and temperatures between 287 and 302 K. The chamber is fitted with lazgathbri
2@nd vertical fans to ensure rapid miximg.(2 minutes). Chamber dilution was monitored via
30 the first order decay of an aliquot of SBdded prior to each experiment. Cyclohexarze (
31 75 ppmv) was added at the beginning of each experiment to act as an OH scaushgihat

10
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1 SO reaction with OH was calculated to el % of the total chemical S@emoval in all

2 experiments.

3 Experimental procedure, starting with the chamber filled with clean scrulihedraprised
4 addition of Sk and cyclohexane, followed by water vapous, (€. 500 ppbv) and SQ(ca.
5 ppbv). A gap of five minutes was left prior to addition of the monoterpene, to allow
6 complete mixing. The reaction was then initiated by addition of the monoterpaen00Q
ppbv for ! -pinene and'-pinene,ca. 200 ppbv for limonene), and reagent concentrations
fdlowed for roughly 30 - 60 minutesa. 30 B 90 % of the monoterpene was consumed after
9 this time, dependent on the reaction rate with ozone. IFpimene + @, five "-pinene + Q,
10and five limonene + @experiments, as a function of JBl], were performed in total. Each
11 individual run was performed at a constant humidity, with humidity varied to covearthe
I [H,0] = 0.1 B 1% 10" molecules cii, corresponding to an RH range of 0.1 B 28 % (at
238 K). Measured increases in [$@greed with measured volumetric additions across the

S and humidity ranges used in the experiments (Newland et al., 2015a).

15 :A:'$ F/%12),) $

A ragge of different SCI are produced from the ozonolysis of each of the three monoterpenes
17 (see Schemes 2 B 4), each with their own distinct chemical behawowie{ds, reaction
18 rates); it is therefore not feasible (from these experiments) to obtainfatatach SCI
19 independently; consequently, for analytical purposes we necessarily tre&@ltpepbilation

20 a simplified (lumped) manner B see Section 2.2.2.

21 SCI are assumed to be formed in the ozonolysis reaction with al'y{@daction R1). They
2@an then react with SOwith H,O, with acids formed in the ozonolysis reaction, with other
23 species present, or undergo unimolecular decomposition, under the experimental conditions
24  applied (Reactions R2 B R5). A fraction of the SCI produced reacts witii &i®fraction f)
Bbthe loss rate of the SCI to 5®B,[SO,]) compared to the sum of the total loss processes for
26 the SCI (Equation E1) :

k.[SO1]

27 S = BISO + k- [ILO] + ks + ks [acid] + L ED

28 Here,L accounts for the sum of any other chemical loss processes for SCI in the gthambe

29 with the exception of reaction with acids these loss processes are dxpdmtenegligible, as

11
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1 discussed later. After correction for dilution, and neglecting other (non-alkene)cahsimks
r Os, such as reaction with H@also produced directly during alkene ozonolysis (Alam et
3 al, 2013; Malkin et al., 2010)), which was indicated through model calculatiorzdora
4 for < 0.5 % of ozone loss under all the experimental conditions, the following equation is
5 derived:

dSO
6 dO; - ¢f

7 From Equation E2, regression of the loss of ozd@)(against the loss of SQISO,) for an

(E2)

8 experiment at a given RH determines the prodlictt a given point in time. This quantity
wéll vary through the experiment as 58 consumed, and other potential SCI co-reactants are
10 produced, as predicted by Equation E1. A smoothed fit was applied to the expeirisha¢at
11 for the cumulative consumption of g@nd Q, %50, and %0s, (as shown in Figure 2) to
tirterminedSO,/dOs (and hencd.! ) at the start of each experiment, for use in Equation E2.
Tde start of each experimene( when [SQ] ~ 50 ppbv) was used as this corresponds to the
14 greatest rate of production of the SCI, and hence largest experimental signgtedtest @
15 and SQ rate of change; greatest precision) and is the point at which the SCJ re&ffion
16 has the greatest magnitude compared with any other potential loss processihefor

Iréactant species (see discussion below).

18 Other potential fates for SCls include reaction with ozone (Kjaergaard 208, Vereecken
19 et al., 2014; Wei et al., 2014; Vereecken et al., 2015), with other SCI (Ju 2014,
20 Vereecken et al., 2014), carbonyl products (Taatjes et al., 2012), acids (Wel2@14), or
21 with the parent alkene (Vereecken et al., 2014; Decker et al., 2017). Bgraitalyses using
22 the most recent theoretical predictions (Vereecken et al., 2015) indieathé reaction with
&®nemay be significant under certain conditions, accounting for up to 7% of SCI loss for
24nti-SCI (based oranti-CH;CHOO) at the lowest RH (worst case) experiment. However,
25 generally SCI loss to ozone is calculated to be < 5%afkSCI and < 1% forsynSCI.
26 Summed losses from reaction with SCI (self-reaction), carbonyls and alkemascatated to

a@bunt for < 1 % of the total SCI loss under the experimental conditions applied.

28 CH,00 and CHCHOO have been shown to react rapidty=(1 B 5# 10° cn?® s*) with
29 formic and acetic acid (Welz et al., 2014). In ozonolysis experiments, 8ipdS (2014)
30 determined the relative reaction rate of acetic and formic acitis(@it).COO (i.e.ks/ky) to
31 be roughly three. Organic acid mixing ratios in this wadmeasured by FTIR, reagtiup to

12
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1 a few hundreds of ppbv, suggesting these will likely be a significant SCI sink in our

2 experiments. We have therefore explicitly included reaction with organic atidsir

3 analysis, incorporating the uncertainty arising from the (unknown) acid reaction rat@ntons
4as described in Section 2.2.1.

Jo date, the effects of the water dimer,@} on SCI removal have only been determined
6 experimentally for ChOO (Berndt et al., 2014; Chao et al., 2015; Lewis et 2015;
N&wland et al., 2015aYheoretical calculations (Vereecken and Francisco, 2012) predicted
8 the significant effect of the water dimer compared to the monomer fe@OHbut also that
9the ratio of the SCI + (D), : SCI + HO rate constantgg/ks, of the larger, more substituted
10 SCl,anti-CH;CHOO and (CH),COO, are 2 - 3 orders of magnitude smaller than fosQIH
11 (Vereecken and Francisco, 2012). This would make the dimer reaction negligible at
12 atmospherically accessible {@] (i.e. < 1# 10"¥cm™) for SCI larger than C¥DO. Therefore,
13nhe effect of the water dimer reaction withd® and GDSCI is not considered in this analysis.
14 For CHOQO, the reaction rates with water and the water dimer have been eqabimtifecent

15 EUPHORE experimental studies, and the values from Newland et al. (2015a) are used.

16 #'#1$6% (-78(5)$59":./0;<  ,=>7:.10:.=  S$N)+87./0.= %

Aslioted above, a range of different SCI are produced from the ozonolysis of the three
18 monoterpenes (see Schemes 2 D 4), each with their own distinct chemnéabire which
19 treated individually, introduce too many unknownmng.(yields, reaction rates) for explicit

20 analysis. Consequently for analytical purposes we treat the SCI populationnipléiesi
21 (lumped) manner:

22  Firstly, we use the simplest model possible, assuming that a si@jles $ormed ineach
23 ozonolysis reaction (EquatidB).

5 7[8{)2] ~([804] + X2 1.0 + 42+

-1
i‘; [acid])
2 (E3)
Sec?hdly, for each monoterpene, the SCI produced are assumed to belong to one of two
popailations, denoted SCI-A and SCI-B. These two populations are split according to the
27 observation that the decomposition rates and reaction rates with water fmaler SCI
(@BI3;CHOO) have been predicted theoretically (Ryzhkov and Ariya, 2004; Kuwata et al.,
29 2010; Anglada et al., 2011) and shown experimentally (Taatjes et al., 2013; Staps et

13



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1095 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 5 December 2017 and Physics
¢ Author(s) 2017. CC BY 4.0 License. Discussions

1 2014; Newland et al., 2015a) to exhibit a strong dependence on the structure of thdemole
TRe synCH;CHOO conformer, which has the terminal oxygen of the carbonyl oxide moiety

3 inthesynposition to the methyl group, has been shown to react very slowly with water and

4 readily decompose, via the hydroperoxide mechanisvshereas theanti-CH;CHOO

5 conformer, with the terminal oxygen of the carbonyl oxide moiety érattii-position to the

6 methyl group, has been shown to react fast with water and is not able topdeseown the
hydr@peroxide mechanism. Vereecken and Francisco (2012) have shown that all SCI studied
theoretically with an alkyl group in th&/nposition have reaction rates with®of k < 4 #
10" molecule criis* (and for SCI larger than acetone oxilde, 8# 10® molecule cris?).

10We thus define two populations, assuming 8Qj-e. SCI that exhibit chemical properties of
thélanti-type SCI) to react fast with water and not to undergo unimolecular reactions, and
12 SCI-B (i.e. SCI that exhibit chemical properties of fyatype SCI) to not react with water
13 but to undergo unimolecular reactions. This simplification allows us to fittht®
14 measurements using Equations E4 and E5, as shown below. The total SCI sgelds a
15letermined by our experiments at high,Sénd the relative yields of SCI-A and SCI-B are
16 determined from fitting to Equation E5. These relative yields are then comjmatbdse
17 predicted from the literature.

18 In this modelf = I*f* + 138 where! is the fraction of the total SCI yield (i.& + 1% = 1).f*
19 andf® are the fractional losses of SCI-A and SCI-B to reaction with 8@apting Equation
20 E1 to include the two SCI species gives Equation E4, wikgaeid] accounts for the SCI +

a2id reaction (see discussion of reaction rate constants below).

_ IAA[SO,] N 1%k5[S0,]
KC[SO,] +k[H,0] +Kf[acid]  KP[SO,]+k, +KZ[acid] €9

22

23 Equation E4 can be rearranged to Equation E5 and fitted accordifi§®g] derived from
24 the measurements.
f 1A /1B
% [S0,]

o, e
[SOZ]+:((§[HZO]+EA[acid] [soz]+|‘:§+t}[acid] (E9)

W8ng values fot” and!® from the literature and varying the assumed values of the reaction
27  of SCI with acid ks) allows us to determinie/k,” andkg/kz®.

14
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1 The assumptions made here allow analysis of a very complex system. Howekey,

2 consequence is that the relative rate constants obtained from the apadgsisted here are
3 not representative of the elementary reactions of any single specific S@r ismmed, but
4 rather represent a quantitative ensemble description of the integrated ,systder
atmBspheric boundary layer conditions, which may be appropriate for atmospheric modelling.
6 Additionally our experimental approach cannot determine absolute rate coniséaneyes
7 of kg, ks, kg) in isolation, but is limited to assessing their relative valuessuaned under
8 atmospheric conditions, which may be placed on an absolute basis through usatefraal
9 reference value (here the SCI +_S@te constant).

10 #'#'#5./03@ (*A+$B7ABCAFS(5)

11 The value for the total SCI yield of each monoterpéng,ror, was determined from an
12 experiment performed under dry conditions (RH < 1%) in the presence of exce$saSO
R0 ppbv), such that SBcavenged the majority of the SCI. From Equation E2, regressing
14 dSO, againstdOs (corrected for chamber dilution), assumiint be unity (;e. all the SCI
15 produced reacts with SI) determines the value bfin, @ lower limit to the SCI yield. Figure

16 1 shows the experimental data, from which,was derived.

17 In reality f will be less than one, at experimentally accessiblg18els, as a fraction of the
Bl may still react with trace J@ present, or undergo unimolecular reaction. The actual
19 vyield, ! s, was determined by combining the result from the ex8&ssexperiment with
20 those from the series of experiments performed at lower&Ca function of [kD], to obtain
ks/Rlandky/k, (see Section 2.2.1), through an iterative process to determine the single unique
22 value of! s¢; which fits both datasets, as described in Newland et al. (2015a), but itatking
23 acount the proposed model in this paper of there being two SCI produced. In this fnrrodel,
24 & + &5, Wheref* = [SOy] / ([SO,] + ks[H20]/kz) andf® = [SOy] / ([SO,] + ki'kz) B other
25 possible SCI sinks are assumed to be negligible. In these &@essperimentsf* ~ 1 but
26fg < 1 sincekq still represents a significant sink.

2% (and hence®, since& = 1 - &) is derived from fitting Equation E4 to the data from the
28 experiments performed at lower $fr a given! . Using a range off gives a range of
29 These different values &are used with the respective values dah fitting to Equation E4
30 to determine values dg/k, andky/kz.

31

15
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E$ I"#(+#8&,-%1$-%1-71%&,(/)$

The rovibrational characteristics of all conformers of the Cl formed frepinene and' -
pinene, the transition states for their unimolecular reaction, and for theioreadth H,O,

were characterized quantum chemically, first using the M06-2X/cc-pVDZ ¢tévbeory, and
Subsequently refined at the M06-2X/acgpVTZ level. To obtain accurate barrier heights for
reaction, it has been shown (Berndt et al., 2015; Chhantyal-Pun et al., 2017; Fang et al
201Ba, 2016b; Long et al., 2016; Nguyen et al., 2015) that post-CCSD(T) calculations are
necessary. Unfortunately, performing such calculations for the SCI discussed inptnis pa
witt® up to 14 non-hydrogen atoms, is well outside our computational resources, though
CTSD(T)/augec-pVTZ single point energy calculations were performed for the unimolecular

reactions of nopinone oxides and the most relevant subset of pinonaldehyde oxides. These

12lata are sufficient for relative rate estimates, ibuémains useful to improve the absolute

13
14
15
16
17
18

21

22
23

24

barrier height predictions, using the data set by Vereecken et al. (Vereteer2017). This
data set has a large number of systematic calculations on smalleto@inglempirical
corrections to the DFT or CCSD(T) barrier heights to estimate the post-CCSD(®r barri
heights. The methodology for these corrections is described in more detaibgcken et al.
(2017); briefly, it compares rate coefficient calculations against availahtenonized
experimental and very-high level theoretical kinetic rate predictions, andsathiesbarrier
hi9ghts by 0.4 to 2.6 kcal mb(depending on the base methodology and the reaction type) to
@btain best agreement with these benchmark results.

Using the energetic and rovibrational data thus obtained, multi-conformer transitien s
theory (MC-TST) calculations (Truhlar et al., 1996; Vereecken and Peeters, 2003) were
performed to obtain the rate coefficient at 298K at the high pressure litmiaitélpredictions

incorporate tunnelling corrections using an asymmetric Eckart barrier (Eckart, 193Q@pdohns

28nd Heicklen, 1962). For the reaction of Cl 3l a pre-reactive complex is postulated at 7

26 kcal mol* below the free reactants, while the CI +Q reactionis taken to have a pre-

2Teactive complex of 11 kcal mblstability. This pre-reactive complex affects tunnelling

28
29

30
31

corrections; it is assumed that this pre-reactive complex is alwaggiitibrium with the free
reactants.

In view of the high number of rotamers and the resulting computational cost, omgle si
limonene-derived CIl isomer was studied, where the TS for the CbG ndaction was

32 analyzed at the M06-2X/cc-pVDZ level of theory with only a partial conformdtamelysis;

16
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1 a limited number of the energetically most stable TS conformers thus disdowere re-

Dptimized at the M06-2X/auge-pVTZ level of theory. These data will only be used for
3 qualitative assessments. However, we apply the structure-activityonslaif)s (SARS)
4 presented by Vereecken et al. (Vereecken et al.,, 2017) to obtain an estintlaée rate

codificients, and assess the role of the individual SCI isomers in limonene ozonolysis.

All guantum chemical calculations were performed using Gaussian-09 (Frisch et al., 2010).

8 M$ VIOBWE"#$>(5#1$8,'71%&,(/$

Thedglobal chemical transport model GEOS-Chem (v9-02, www.geos-chem.org, Bey et al.,
10 2002) is used to explore the spatial and temporal variability of the atmosphgsicts of the
11 experimentally derived chemistry. The model includes HNDxVOC-O3-BrOx chemistry
12 (Mao et al., 2010; Parrella et al., 2012) and a mass-based aerosol scheme.cBiogeni
13 monoterpene emissions are taken from the Model of Emissions of Gases armlsAfeons
Ndture (MEGAN) v2.1 inventory (Guenther et al., 2006; 2012). Transport is driven by
15 assimilated meteorology (GEOS-5) from NASA's Global Modelling and Assinil Office
IBMAOQ). The models run at 4#5j resolution, with the second year (2005) used for analysis

1and first year discarded as spin up.

18 In this study, the standard simulation was expanded to include emissions of seve
nighoterpene speciek-pinene," -pinene, limonene, myrcene, ocimene, carene, and sabinene)
20 from MEGAN v2.1. The ozonolysis scheme for each monoterpene, detailed in Section 6.1,
21 considers the formation of one or two types of SCI, and their subsequent reactio®with S
22 Hy0, or unimolecular decomposition. Reaction rate of the monoterpenes with £O&hdO
23 NOg rare detailed in Table S1.

24

25 N$ G#)71&)%

26 NAD 86T$HX #15%

2FFigure 1 shows the lower limit to the SCI yieldyin, for the three monoterpenes, determined
28 from fitting Equation E5 to the experimental data. This gives values of 0.16 (£f6rQ%)
29 pinene, 0.53 (x 0.01) fdr-pinene and 0.20 (x 0.01) for limonene. Thés@, values were

30 then corrected as described in Section 2.2.2 usingstkeandkgy/k, values determined from

17
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1 the measurements shown in Figures 3 B 5 using Equation E4. The corrected yjiglas
20.19 (= 0.01) for! -pinene, 0.60 (+ 0.03) fot-pinene and 0.23 (x 0.01) for limonene.
UnGertainties aret 2% and represent the combined systematic (estimated measurement
urkertainty) and precision components. Literature yields for SCI production from
ngonoterpene ozonolysis are summarised in Table 1.

6The value derived for the total SCI yield frarpinene in this work of 0.19 agrees, within the
uhcertainties, with the value of 0.15 §.07) reported by SipilS et al. (2014) and the value of
8 0.20 applied in the MCMv3.3.1.

9 The total SCI yield froni-pinene derived in this work, 0.60, agrees reasonabliywith the
10 recent experimental work of Ahrens et al. (2014) who derived a total SCI yield of 0.50 (0.40
11for the sum of CI-1 and CI-2 and 0.10 for £MD, which is assumed to be formed almost
12 completely stabilised). The MCMv3.3.1 applies a total SCI yield of 0.25, of which 940 i
@g-Cl and 0.15 is CHDO. Earlier studies also tended to derive lower total SCI yields ranging
frbfn 0.25 B 0.27 (Hasson et al., 2001; Hatakeyama et al., 1984).

15 The total SCI yield from limonene derived in this work, 0.23 (+ 0.01) agrees withcirtlse
detérmined yield from SipilS et al. (2014) of 0.27 (+ 0.12). Leungsakul et al. (2005) derived a
damewhat higher yield of 0.34, while the MCMv3.3.1 applies a lower yield of 0.135.

18 NAS "4$%&'() «+,-" +$%&' (Yo+ 1%/5!" - $%& (Yo+ | FI%12),) $$

Rigure 2 shows the loss of $&s ozone is consumed by reaction with the monoterpene for
20 each of the three systems. Box modelling results suggest that > 99 % ddthisn®val is
21 caused by reaction with SCI produced in the alkene-ozone reaction (rather thancéan rea
22 with OH, which is scavenged by cyclohexane). When the experiments artedepehigher
rékative humidity, the rate of loss of $@ecreases. This is as expected from Equation E1 and
24suggests that there is competition between &W@ HO for reaction with the SCI produced,
ik@greement th observations of smaller SCI, which demonstrate the same competition

ungér atmospherically relevant conditions (Newland et al., 2015a; Newland et al., 2015b).

27However, as the relative humidityincreased further, the $@ss does not fall to (near) zero
28 as would be expected from Equation E1. This suggests that at hi@htfi¢ amount of SO
2fbss becomegess sensitive to [HO]. This is most likely due to there being at least two

30 chemically distinct SCI species present. This behaviour was previously abstmve

18
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CH,CHOO by Newland et al. (2015a) and fits with the current understanding that the

2reactivity of SCl is structure dependent.

3 To recap Section 2.2.1, the analysis presented here conswdersnodels to fit the
4 observations. The first of these (Equation E3) assumes the formation of a singleeBiES,
Wwhich, in addition to reacting with SOcan react with water, undergo unimolecular reaction
6 or react with acid. It is clearly evident from Figures 3 B 5 that this ndoésl not give a good
7 fit to the observations for any of the monoterpene systems studied. Thereforeyltsenma
8 this (single SCI) approach are not discussed explicitly hereafter. The secdred mbdels
9 (Equation E5) assumes the formation of two lumped, chemically distinct, popslaf SCI,
10 denoted SCI-A and SCI-B. SCI-A is assumed to react fast with &hd to have minimal
11 decomposition. Conversely, SCI-B is assumed to have a negligible reaction véthuwaer
12 the experimental conditions applied but to undergo rearrangemeaViH®. We use a least-
13 squares fit of Equation E5 to the data to determine the valle&oéndky/k.. This approach
14 fits the data well (Figures 3 - 5) for all 3 monoterpenes and represents thé atépates of
15 the SCI formed - but as noted, does not represent an explicit determination aduabivi

16onformer-dependent rate constants.

17 D'#'1$%Q*)* $

18 The! -pinene systenis sensitive to water vapour at the low@range, with the SOloss
19 falling dramatically when the RH is increased from 0.1 to 2.5 % (Figure 2). Howaver,
20 higher RH the S@loss appears to be rather insensitive tgJH

21CI-1 can be formed in either syn (1a) oranti (1b) configuration, whereas both CI-2
@@nformers formed are insynconfiguration (see Scheme 2). For one of the two conformers
oRgI-2 (CI-2b), the hydrogen atom available for abstraction by the terminal oxygen of the
caridnyl oxide group is attached to the carbon on the four-membered ring. This has been
25 shown in the"-pinene system to make a large difference with respect to the abilibe of t
2éydrogen to be abstracted and to undergd/tiE mechanism (Rickard et al., 1999; Nguyen
27 etal., 2009). This therefore suggests that Cl-2b may exhibit characsesfdoth SCI-A and
28 SCI-B. Ma et al. (2008) infer a probable equal yield of the two basic Cl structuras. Thi
woR@ suggest a relative yield for SCI-A of 0.25 B 0.50 (depending on the precise nature of
30 CI-2b). Fitting Equation E4 to the data and allowing lambda to vary determines &' =
31 0.40 and®® = 0.60 (Figure 3).

19
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In Figure 3, Equation E4 is fitted to the-pinene measurements, assuming

2  k(SCl+acid)k(SCI+SQ) = 0. This derivesa minimum value fork(SCI-A+H,O)k(SCI-
A8S0,), the water dependent fraction of the SCI, and a maximum value for
4(decomposition:SCI-BKSCI-B+SQ), the water independent fraction of the SCI. The
kihetic parameters derived from the fitting are displayed in Table 2.

6 Figure 6 shows the variation of the derivkgk, and kyk, values as the ratids/ks,
7 k(SCl+acid)k(SCI+SQ), is varied from zero to one. The deriviegk; increases by about 40
8% from 1.4 (+ 0.34% 10°to 2.0 (+ 0.49% 10°. The deriveckys/k, value decreases, again by
9 about 40 %, from 8.2 (+ 1.%)10" cm>to 5.1 (+ 0.93) 10*cm®.

10 The derived limits to the relative rate constants can be put on an absoilé using the
11 Kk(SCI+SQ) values for CHCHOO from Sheps et al. (2014) for tegnandanti conformers.
12 These aresyn 2.9# 10™ cn?® s* andanti: 2.2# 10"° cm?® s*. Thesynrate constant is applied
13 to the deriveck(decomposition:SCI-BKSCI-B+SQ) value and thanti rate constant to the
14 K(SCI-A+H,O)/k(SCI-A+SQ) value. It should be noted that tlke values are for quite
different SCI to those formed in this study and to our knowledge no structure specific
k(861+SQ) have been reported for monoterpene derived SCI, though Ahrens et al. (2014)
17 determine an averade ~ 4# 10* cm® s* for SCI derived front -pinene, i.e. a value within
18 an order of magnitude of those determined for the smaller SGOOHCHCHOO and
19 (CH3)COO (e.g. Welz et al., 2012; Taatjes et al., 2013; Sheps et al., 2014; Hualng et
20 2015). Using the Sheps et al. (2014) values yigl8E€I-A+H,0) > 3.1 (+ 0.75} 102 cm’ s
21 ' and k(decomposition:SCI-B) < 240 (+ 44)'s(using the values derived fdq(SClI-
Zracid)k(SCI-A+SQ) = 0). Thisks value is an order of magnitude larger than the rate
28onstants determined for the smaleti-CH;CHOO in the direct studies of Sheps et al.
24 (2014) (2.4# 10" cm® s?) and Taatjes et al. (2013) (#010™* cm® s%). The decomposition
25 value derived for SCI-B is of the same order of magnitude as thayfid@@H;CHOO (348+
26 332 $Y) and (CH),COO (819+ 190 s') from Newland et al., (2055 (using updated direct
27 measurement values & from Sheps et al. (2014) and Huang et al. (2015) sfo¥r
C81;CHOO and (CH),COO respectively) and within the range from the recent paper by
29  Smith et al. (2016) which derives a decomposition rate forCIDO of 269 (+ 82) Sat
30 283K increasing to 916 (+ 56} at 323K.

31 SipilS et al. (2014) applied a single-SCI analysis approach to the formati:50f flom
32 SO, oxidation in the presence of thepinene ozonolysis system. They determined that for

20



Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2017-1095 Atmospheric
Manuscript under review for journal Atmos. Chem. Phys. Chemistry
Discussion started: 5 December 2017 and Physics
¢ Author(s) 2017. CC BY 4.0 License.

Discussions
[Gom

1 pinene kq >> k(SCI+H,0)[H-0] for [H;0] < 2.9# 10" cm?, i.e. that the fate of SCI formed
2in the system is rather insensitive to,{H. Across the [Sg) and RH ranges used in their
3study, the results obtained here would indicai® kb always be the dominant sink for SCI-

4A, i.e. the fact that SipilS et al. (2014) see similag®®} production across the RH range in
5their studyis consistent with these results.

7 D'##18*)* $

8 Two recent studies (Nguyen et al., 2009; Ahrens et al., 2014) have suggestedfyiadsvo
9Co-Cl (CI-3 and ClI-4, see Scheme 3) obtained ftopinene ozonolysis to be roughly equal.
10 In these studies Ahrens et al. (2014) assume gOCHyield of 0.10 while Nguyen et al.
11(2009) determine theoretically the yield of €30 to be 0.05. Another theoretical study
12(Zhang and Zhang, 2005) predicted a OB yield of 0.08. In experimental studies,
13WVinterhalter et al. (2000) determined the O vyield to be 0.16 (+ 0.04) from measuring
14 the nopinone yield and assuming it to be entirely a primary ozonolysis product (ice-the
bduct of CHOO formation) and Ma and Marston (2008) determine a summed contribution
160f 84 % (£ 0.03) for the two ¢XClI (i.e. a 16 % CHDO yield). The theoretical studies are
17 somewhat lower than the experimental but Nguyen et al. (2009) note that dkdlyistd
18 form additional nopinone in bimolecular reactions. The;@Q8 is assumed to all be formed
19stabilised (e.g. Nguyen et al. 2009).

20SCI-3 is expected to undergo unimolecular reactidrisastan order of magnitude faster than
21 SCI-4 (Nguyen et al., 2009; Ahrens et al., 2014). The reaction of SCI-3 with watpeised
22 to be slow based on the calculations presented in Table 4, with a psstidod&r reaction
r&@ of 1.0 $ at 75 % RH, 298 K, whereas the water reaction with SCI-4 is expected to be
24 considerably faster with a pseudo first order reaction rate of 240% % RH, 298 K. This
25 reaction will thus likely be the dominant fate of SCI-4 at typical aphesc RH. This is in
26 agreement with the observations of Ma and Marston (2008), that show a clear depesfde
27 nopinone formation on RH (presumed to be formed from SC}Q) H-itting Equation E4 to
28 the data determines values&f= 0.41 and® = 0.59 (Figure 4).

29 Using these values, and assumikgSCl+acid)k(SCI+SQ) = 0, vyields a k(SClI-
30 A+H;0)k(SCI-A+SQ) value of > 1.0 (+ 0.27% 10 and ak(decomposition:SCI-B}{SCI-
31 B+SQ) value of < 6.0 (+ 1.3} 10"*cm? (Table 2).
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1As shown in Figure 6, increasikgk,, k(SCl+acid)k(SCI+SQ), from zero to one, decreases
the derivedky/ke from 6.0 (+ 1.3 10* cm™ to 1.8 (+ 0.39) 10"* cm®. The derivedks/kz
3 increases by a factor of four from 1.0 (+ 0.27)0" to 3.7 (+ 1.0¥ 10*.

4 These values can be put on an absolute scale (using the values derived akgke=d).
5  For SCI-A,k(SCI+SQ) is taken as the experimentally determined value #f14** cm® s*

6 from Ahrens et al. (2014). For SCI-B, tegnCH;CHOO k(SCI+SQ) value determined by
7 Sheps et al. (2014) is used. This gives valug§SEI-A+H,0) > 4# 10%° (+ 1) cni s* and
8 k(decomposition:SCI-B) < 170 (+ 38}.s

9 D"'#'33(45)*)* $

10 For the limonene measurements presented in FigurdSE,/(0s)/dt appears to be non-
lihkar, with a jump IdSO,/dO; between 120 and 150 ppbv of ozone consumed. This is most
12 evident in the two lowest RH runs (0.2 and 2.0 %). Limonene is the fasteshgeattihe
13 systems presented here, with the alkene reaction having consumed 100 ppbv of tiione wi
14 the first five minutes. The limonene sample required about five minutes afdheatore the
15 entire sample was volatized and injected into the chamber. This therefpracoount for the
16 apparent non-linear nature d$0,/dOs in Figure 2.

17 The SQ loss in the limonene-ozone system is less affected by increagihthein for either
18! or"-pinene (Figure 5), with the valuesfdfSO,] (y-axis) varying by roughly a factor of two
19 over the RH range applied compared to more than a factor of three variation for thevothe
20 systems. Hence it might be expected that there is little formatiéh@fdependent SCI or

2that it has a rather slow reaction rate with water.

22 Fitting Equation E4 to the data determines value&'of 0.22 and®® = 0.78 (Figure 5). This
23 is broadly in line with the ratio recommended in the MCMv3.3.1 of 0.27:0.73, and with that
pragosed in Leungsakul et al. (2005) who use a CI-A:CI-B ratio of 0.35:0.65, but also include
250me stabilisation of GO and G-Cl from ozone reaction at the exo-cyclic bond. This
26 vyields a k(SCI-A+H0)/k(SCI-A+SQ) value of < 3.5 (+ 0.20)# 10° and a
27  k(decomposition:SCI-BK(SCI-B+SQ) value of > 4.5 (+ 0.10§ 10'?cm®,

28 Figure 6 shows that the derivégdk, increases by about 7 % &&SCl+acid)k(SCI+SQ)
29 ranges from 0.0 to 0.8. The deriviegk, becomes negative B{SCl+acid)k(SCI+SQ) > 0.8,

30putting an upper limit on this ratio, i.k/k; < 0.8, for the limonene system.
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1 Putting these values on an absolute scale (using the values derivgtkfer 0), using the
CH;CHOO synandanti k(SCI+SQ) determined by Sheps et al. (2014), yields values of < 7.7
3+ 0.60)# 10%° cm® s* and > 130 (+ 3)Sfor ks andky respectively. These values are similar
4 to those derived for the SCI-A and SCI-B formed frompinene. Theks value is a factor of
three smaller than that determined by Sheps et al. (201&)(fmti-CH;CHOO+H,0), 2.4#
10" cem’ st
7 SipilS et al. (2014) applied a single-SCI analysis approach to the formati:50f flom
8 SO, oxidation by the limonene ozonolysis system and determined that, similaHyitene,
9k(decomp.) >>k(SCl+ HO)[H20] for [H-0] < 2.9# 10" cm?, i.e. that the system is rather
10 insensitive to [HO]. Our data are consistent with the limonene system being lessveettsit

[H4@] than the SCI populations derived from the other two monoterpenes reported here.

12 D"#'BFG™,(4%)87A$.C447,@ $

13 The removal of S@in the presence of ozonolysis reactions! gbinene,"-pinene and
limddene has been studied as a function of water vapour concentration, and analysed
15 following the approximation that the SCI population can be represented through a tigs spec
16 model, with contrasting unimolecular decomposition rates and reactivity ¢v. Waie results
17 presented in this work suggest that all three monoterpenes studied producecd &Qigenat
18 have differing reactivities towards water and decomposition. This is inmagngéevith current
19 theoretical understanding but is the first experimental demonstration for I@igde8ved
20 from monoterpene ozonolysis. The complex reactivity of the systems investigdtether
21 highlighted by the fact that the experimental data are not fitted wellebgigsumption of the
22formation of a single SCI specie§Vhile the behaviour of large SCI derived from
23 monoterpenes are likely to be significantly more complicated than is acddantay simply
24onsidering the differing kinetics afyn andanti SCI conformers, this approach provides a
25 reasonable description of the experimental behaviour observed, and the resultsgohesente
26 are broadly in line with experimental results from the smaller SCI and frooretiwal
27 results. The reaction rates of SCI-A (i.e. SCI that exhibit chemical propefties anti-type
28 SCI) derived from the three different monoterpenes with water range fromte0.8L# 10
29 cm®s?, broadly in line with the derived rates of Sheps et al. (2014rftfCH;CHOO of
204 # 10 cm® s The decomposition rates of SCI-B (i.e. SCI that exhibit chemical
31 properties of thesyntype SCI) are on the order of 100 - 259 %his is in line with those
32 derived forsynCHsCHOO from cis and trans-but-2-ene ozonolysis and (GHCOO by
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1 Newland et al. (2015a) of 348 (+ 332) and 819 (+ 190) srespectively (assumink(syn
2 CHsCHOO+SQ) = 2.9# 10™ cm?® s* (Sheps et al., 2014) a(CHs),COO+SQ) = 2.9#
3 10"%cm’® s*(Huang et al., 2015)) and recent results from Smith et al. (2016) of 269 B 916 s
4 (strongly dependent on temperature) for 800 decomposition. In this work we only
5 derive relative rates, but the similarity of tkeandky values derived when the values for
syf and anti-CHsCHOO from Sheps et al. (2014) are applied is consistent with the recent
work of Ahrens et al. (2014), suggesting that large SCI, derived from monoterpenes,
8emonstrate a similar reactivity towards,; 33 smaller SCI. One uncertainty in the derivation
9 of the kinetics presented herein is the reactions of the SCI produced with @gasicThese
10 acids were present in the experiments (owing to formation in the monoterpene dasonolys

reddtions themselves) at levels which may have been a competitive sink for the SCI.

IPhe ability of the simplified SCA / SCI-B approach to fit the experimental data and the
13 good agreement with theory and experimental work for smaller SCI suggests thaietie ki
1parameters derived herein, using a lumpreatSCI system, may be useful for modelling and
15 provide the best available basis for modelling the effects of SCI on atmos@@ric
16 oxidation in the presence of water vapour. To this end, in Section 6 we flesesdults of a

dlébal modelling study using the kinetic parameters derived herein.

18 NAE I"#(+#8,-%1$+#)718)$%/5$-(*%0+,)(/S&(SH; H+, #I&)$

19 The theoretically predicted rate coefficients for unimolecular reactiotseomonoterpene
20SCI are listed in Table 3, while those for the reaction wit® ldre listed in Table 4. These
da24 can be compared against the experimental data obtained in this work.

22 D"2"$! &)*)* $

The3theory-based rate coefficients show one pinonaldehyde oxide, CI-1b, with a rate of
24 reaction with water that is significantly faster than the remainifginene-derived CI.
25 Comparing this rate to the experimental data suggests that Cl-1b correspondsAton8E |
26 matching rate coefficients within an order of magnitude, i.e. within the expaotertainty.
WeThus deduce that SCI-A is Cl-1b. The remaining pinonaldehyde oxides, Cl-1a, Cl-2a and
Ciz8, react predominantly through unimolecular reactions, where theory-based rate
2%oefficients range from 60 to 600, sall within a factor of 4 of the experimentally derived

3@opulation-averaged rate of 24044 ', i.e. matching within the uncertainty margins. The

24
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1 unimolecular rate coefficients of this set of Cl are sufficiently closeithstnot feasible to
2 separate these in the experimental data, so we can only conclude tHi&airSBke! -pinene

oZdnolysis experiments may consist of a mixture of C-1a, Cl-2a and CI-2b.

4 D"2'#"&)*)* $
5 The theoretical analysis for nopinone oxides shows one isomer, SCI-4, that basatefaf
6 reaction with water, but a slow unimolecular isomerisation, while the @beer, SCI-3,
7 shows a fast unimolecular decomposition. These can thus be unequivocallyd équtite
8 experimentally obtained SCI-A and SCI-B, respectively, inasmuch as the yi€ld,6fO is
9 minor. The predicted rate coefficients are within the expected uncertaintyalst of the
10 theoretical data, a factor of 5 for the unimolecular rates, and an order of madaituke

11 reaction with HO.

12 The experimental rate measurements are defined relative to the reatgiontraSQ; the
Malue adopted for thk(SCI+SQ) reaction therefore influences the derived rate coefficient
14 values. Ahrens et al. (2014) directly measured the &@ coefficient of the longest-lived
1SCI (SCI-4) to be ~ 4 10™ cm® s, but for SCI-3 we assume a similar rate coefficient as
16 synCH;CHOO + SQ determined by Sheps et al. (2014) of 2.40™ cm® s*. Nopinone
17 oxides are bicyclic compounds, with a bulky dimethyl-substituted 4-membered ringradjac
18 to the carbonyl oxide moiety. To examine the potential impact of steric hirdcanthe SCI
19 + SQ reaction, we characterized all sulfur-substituted secondary ozonides (S-SO&d farm
20 this reaction (Kuwata et al., 2015; Vereecken et al., 2012). We find thai-tyelic S-SOZ
21 shows very little interaction between the sulfur-bearing ring and {pi@ene substituents,
22 and little change in ring strain. The energies of the S-SOZ adducts rétative SCI + S©
23 reactants thus remains very similar to that 0,G8, CHCHOO or (CH),COO, confirming
24e quality of our selection of reference rate coefficients.

25 D"2"33(45)%)* $

@bthe six non-CHOO CI formed in limonene ozonolysis, CI-5b was predicted to have a fast
gaction rate with bD; its oxide substitution patterns is similar to pinonaldehyde oxide CI-1b.
28 The SAR-predicted rate coeffient of CI-5b + HO is within a factor of 2 of the
XXperimentally derivedks value for SCI-A, such that we can equate SCI-A to CI-5b with
30 confidence. The SCI-B set of Criegee intermediates then contains the summexdiqowdl
31 the remaining five ClI, all of which react slowly with.®. The SAR-predicted unimolecular
25
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1 decay rate coefficients range from 15 to 700a| within a factor of 9 of the experimentally
dbtainedky = 130 §% it should be noted that for limonene-derived Cl, no explicit theoretical
3 calculations are available, and the SAR-predictions carry a somewhat largertainty.
We have performed an exhaustive characterisation of the conformers of CI-5b. The most
5 stable conformers show an internal complex formation between the oxide moietizeand
6 carbonyl group, similar to those characterized for the bimolecular reaction of I wit
7 carbonyl compounds (Jalan et al., 2013; Wei et al., 2015). The theoretical studpdgtial.
(2083) on limonene ozonolysis appears to have omitted internal rotation and cannot be
9 compared directly. It seems likely that the limonene-derived Cl can thug easiergo
10 internal SOZ formation, which is thought (Vereecken and Francisco, 2012) to be etiyyopic
11 unfavourable, but to have a low barrier to reaction.!Fpinene, a similar internal complex

12 formation and SOZ ring closure is not as favourable due to the geometratibmstenforced
13 by the 4-membered ring.

14A large number of transition state conformers for CI-5b,® Mere characterized, though no
15 exhaustive search was completed. The energetically most favourable strushow
lénteraction between the carbonyl group, and th® Eloreactant as it adds onto the carbonyl
17 oxide moiety. Similar stabilising interactions between the carbonyl tyncéad the
d&bonyl oxide moiety were reported recently in cyclohexene-derived CI
19 (Berndt et al., 2017). This interaction thus lowers the barrier to reaction thasgtuitently
20 unclear whether it enhances the reaction rate compared to €.gpthene-derived CI-1b, as
theae hydrogen-bonded structures are entropically not very favourable. The intra-molecular
igeractions with heterosubstituents could be investigated in future work.

23

24 P$ V1(4%1%$'(5#11,/3$)&752%

25 PAB 86T$6'#,)&+2%

26 A global atmospheric modelling studyas performed using the @&S-Chem chemical
2ffansport model (as described in Sectiono4g@xamine the global monoterpene derived SCI
28 budget and the contribution of these SCI to gas-phaseod@ation. The existing chemistry
29 scheme in the model is supplemented with monoterpene SCI chemistry bagbd on
30 experimental results described in Section 5 and in Table 5. It should beheotethat this

m8tlelling study focuses on the chemical impacts of monoterpene SCI formed from

26
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ozaholysis reactions only. No chemistry for other SCIs derived from isoprene and/or other

(smalkr) alkenes are incorporated in the adapted model chemical scheme used.

3 The monoterpene emissions in GEOS-Chem are taken from MEGAN v2.1 (Guenthgr et a
42012). The scheme emits seven monoterpehgsnene, "-pinene, limonene, myrcene,

5 ocimene, 3-carene, and sabinene. The monoterpenes are oxidised within the moHel by O
6 NO; and Q at rates shown in Tabl81 Reaction with @ leads to the production of
7monoterpene specific SCI. Reactiavith OH andNO3 does not lead to the formation of any

8 products, with the reactions only acting as a sink for the monoterpene and thetivespe
%xidant. The SCI yields from the ozonolysis!epinene," -pinene, and limonene are derived

10 from the experimental work presented here. SCI from each monoterpene are SSiCirAto
11 and SCI-B as defined in previous sections. For the other four monoterpenes emitgdl, the
12 yields, and kinetics are derived based on similarity of structure to one gfdbies studied
13 here or previously in the literature. The main SCI produced in the ozonolysis of mgratne
14 ocimene are expected to be acetone oxide {CKDO) or 4-vinyl-5-hexenal oxide
(@8,CHC(CH,)CH,CH,CHOO), since ozone has been suggested to react predominantly at
th&6isolated internal double bond (~97 % for myrcene, ~90% for ocimene (Baker et al.,
17 2004)). The SCI yield is taken to be 0.30, similar to that of3Jg3DO from 2,3-dimethyl-
18 but-2-ene ozonolysis (Newland et al., 2015a). However, this may be an underesticgie
1Bas been predicted that stabilisatiorsofall Cl increases with an increasing size of carbonyl
206-product,asthis co-product catake more of the nascent energy of the primary ozonide on
21 decomposition due to a greater number of degrees of freedom available (Nguye2089al.,

22 Newland et al., 2015b). Sabinene is a bicyclic monoterpene with an externad donbland
h2Bce is treated like-pinene. This assumption is backed up by recent theoretical work (Wang
an#dwWang, 2017), who predict similar behaviour of sabinene derived SCI to the predicted
b@Baviour of' -pinene SCI by Nguyen et al. (2009a). They predict a SCI yield between 24 % -

26 64 %. 3-carene is a bicyclic monoterpene with an internal double bond and id lileate

27 pinene.

28 PA$ >(5#11,/33G#)71&)$

29 Figure 7 shows the annually averaged total SCI burden from monoterpene ozonolysis in the
Sdface layer in th6&6EOSChem simulation. A number of interesting features are apparent
3m this figure and the associated information given in Table 6:

27
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1 (i)$ The highest annually averaged monoterpene SCI concentrations are found
2 above tropical forests.
3 (il$ Peak anually averaged monoterpene SCI concentrations aré 1 (.2m>.
4 (ii)$ > 97 % of the total monoterpene SCI burden is SCI-B.

5 Annual global monoterpene emissions are dominated by the tropics (Figure S1), agcounti
for 8 90 % during the northern hemisphere winter months (November B April) and 70 % even
during the peak emissions from the northern boreal region during June and July (Sindelarova

8 etal., 2014). Despite annually averaged surface ozone mixing ratios being roughdy affac

9 2 higher in the northern mid-high latitudes, monoterpene SCI production is still dechimat
the 1@pics. Annually averaged surface monoterpene SCI concentrations across the northern

11 boreal regions are <#2 10’ cm®, during the summer months (JJA) this value rises to 2D 5
12 10°cm®.

13 More than 97 % of the total monoterpene derived SCI are SCI-B (Table 6). Thizissee

14  typical water vapour concentrations in the tropics are >#510'" cm®. This gives SCA
15removal rates (i.eks[H,O]) of 2# 10° B 1.5# 10° s, whereas removal rates of SCI-B to

16 unimolecular reactions have been determined here to be 1 B 3 orders of magnitugeslowe

the order of 100 - 250%s Since the loss of SCI-B is independent of temperature in the model,

18 the highest SCI-B concentrations would be expected to be located in the regioglsest hi

19 SCI-B production. Recent experimental studies (Smith et al., 2016) have demonstrated a

20 strong temperature dependence for the unimolecular decomposition rate £iCQCHE
2between 283 and 323 K (269 D 91%. Sherefore, it may be that in reality there would be

2@me geographical variation in the rate of unimolecular loss.

PBe monoterpene SCI-A +,B reactions are expected to lead to high yields of both large
24 (e.g. Ma et al., 2008; Ma and Marston, 2008) and small (measured in high yield in the
Xxperiments presented here) organic acids.

26  Figure 8 shows the seasonal removal of Breaction with monoterpene derived S&,a
Percentage of total gas-phase,3Ridation in the surface layer. Monoterpene SCI are most
deportant (relative to OH) for SQoxidation over tropical forests, where they account for up

2% 50 % of the local gas-phase S@moval during DJF and MAM in some regions. The

30 reasons for this are two-fold: firstly, the highest modelled monoterpene SCI coricestrat

31 are found in these regions (Figure 7); but additionally, OH concentrations in the anedel

I8& over these areas (Figuf3. Historically there has been discrepancies between modelled

28
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and observed OH concentrations over tropical forests, with models appearing to udibér-pre
[@QH] by up to a factor of tere(@. Lelieveld et al., 2008). It was proposed that this was due to
missing sources of OH recycling during isoprene oxidation. During recent years there have
beendadvances in our understanding of isoprene chemistry. GEOS-Chem v-09, used here,
iBicludes an isoprene OH recycling sotedargely based on Paulot et al. (2009a, 2009b), with
updates from Peeters et al. (2009), Peeters ariteM2010), and Crounse et al. (2011
2012), and evaluated in Mao et al. (2013). However, more recent experimentalaatichle

8 work is not yet included.

Annually, monoterpene SCI oxidation accounts for 1.1 % of the gas-phasex@@tion in

10 the terrestrial tropics. This accounts for the removal of 2.5 Gg ef A@oss the northern

11 boreal forests, monoterpene SCI contribute 0.5 % to gas-gb@seaemoval annually,

fEnoving 0.6 Gg of SO Globally, throughout the whole atmosphere, monoterpene SCI

13 account for only 0.4 % of gas-phase;3&moval, removing 6.8 Gg of S@nnually.

14

It is noted that MEGAN does not contain oceanic monoterpene emissiond) wiig

15 increase the global importance of SCI for gas-pha€g removal. Luo and Yu (2010)

19

Tetermined annual global oceariepinene emissions to be 29.5 TgC using a top-down

appfoach, with only 0.013 (Luo and Yu, 2010) B 0.26 (Hackenberg et al., 2017) TgC
18stimaed using a range of bottom-up apprceeshdearly there are large uncertainties in

oceanic monoterpene emissions. At the upper end of this range they could pptemtiéatie

20a similar contribution to SCI production and subsequent &ddation as monoterpenes

23

25

27

30
31

erditted from the terrestrial biosphere. SCI production more generally could be further

aehplified by sources such as marine-derived alkyl iodine photolysis.

Blitz et al. (2017) recently calculated a revised $AH reaction ratek{ (1 bar N) (298 K)
=%48# 10 cm® s, based on experimental work and a master equation analysis, which is ~
40 % lower than the rate given in the most recent JPL data evaluation (Burkéblle
262015) (ki (1 bar N) (298 K)= 9.5# 10" cm® s), whichis used in the GEOS-Chem model
simulation. Figure S3 shows the increased influence of monoterpene derived §&4-on
28hase S@oxidation if the alternative SO+ OH rate is used. This increased the impact of
29monoterpene SCI to up to 60 % of gas-phase r@@oval in regions of the tropical forests
during DJF and MAM, with the contribution of monoterpene SCI to global gas-[@@se
oxidation increasingp 0.6 %.

29
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While certain monoterpenes appear to be more important than others with reghed to
pduction of SCI which will oxidise SQthese results are sensitive to the kinetics used and
the assumptions made for the monoterpenes not studied experimentally herewéleoaeot
attempt to draw any conclusions about the relative importance of each monofespetize
modelling. Clearly the most important monoterpenes will be those with higlsyéISCI-B,
particularly if those SCI-B have a structure that hinders unimolecular decoimpdsiich as
certain"-pinene derived SCI).

Y$  Z,)-7)),($%/5$F& ()= 1+ -$T*1,-%&. (/)$

Monoterpene ozonolysis produces a diverse range of SCIs, with contrasting fates in the
atmosphere, dominated by unimolecular reaction or reaction with water vapour, bht whi

g2y still affect atmospheric S@rocessing. Monoterpene-derived SCI have the potential to

13make a significant contribution to gas-ph&®, oxidation in specific local (i.e. forested)

14
15

environments, of up to 50 % at certain times of year - amplifying sulfate aéooswltion,

reducing the atmospheric lifetime and hence geographic distribution HfHe@ever the

16 results presented here show that their impact upon atG@adxidation globally is modest.

17
18

The results presented here demonstrate that it is important that monotegoemmdysis

reactions are considered to produce at least two different SCI spetigs dhemistry is to

19 be adequately represented in global models. This is because even a Othoeactitn rate

20
21

22

24

26

27
28

29

31

with water would be a dominant sink of an SCI with the averaged properties of aai-A
SCI-B.

SCI concentrations are expected to vary greatly depending on the local environméntand t
of28ear, e.g monoterpene abundance may be considerably higher (and with a different
reactive mix of alkenes giving a range of structurally diverse SCI) in a forest&drenent,
comphred to a rural background. Furthermore, biogenic isoprene and monoterpene emissions
are strongly temperature dependent, hence are predicted to change significdalfutare

as a response to a changing climate and other environmental conditions (Pardi&éeudt,
2010).

This study shows that the ozonolysis of monoterpenes may contribute to signfchnt
condBentrations in forested areas. Another group of compounds produced by forests that may

also have the potential to be a significant source of SCI are sesquiteiPghig. Although
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1 generally present at low mixing ratios, this is due to their short atmosfifetiines caused
2 by their rapid reaction rates with ozone. The flux through the alkene-ozone reactiast for
3 reacting monoterpenes and sesquiterpenes is often higher than for monoterperngghwith
4nixing ratios but low removal rates, elgpinene and -pinene. Ozonolysis of sesquiterpenes
5 has been shown to have very high SCI yields (Beck et al., 2011; Yao et al., 2014) and thes
SCI have been shown to react with SCI scavengers (ef.FHsO etc) in a similar way to
7 smaller SCI (Yao et al., 2014). It has been predicted that SCI from sesquitar@gnkave a
high8degree of secondary ozonide formation (Chuong et al., 2004) but experimental work has
9 shown very different results for structurally different sesquiterpenes studied (Betk et
10 2011; Yao et al., 2014) hence this is highly uncertain, as is the fate of heri8® formed.

THdrefore, these have the potential to be another significant source of SCI.
12

13 [$ 6(-17),() $

14 We report results from an integrated experimental (simulation chamber), tb&lofeptiantum
15 chemical) and modelling (global chemistry-transport simulation) study of the tsnpéc
16 monoterpene ozonolysis reactions on stabilised Criegee intermediate (SCI) forandti®®
1dxidation. The ozonolysis dhe monoterpenesk-pinene,” -pinene and limonene have been
18 shown to produce a structurally diverse range of chemically distinct SCls,omith showing
19 limited sensitivity to / reaction with water vapour undearstmospheric humidity levelg\
20 multi-component system is required to explain the experimentally obs&@gdademoval
21 Kkinetics. A two-body model system based on the assumption of a fraction of theo8@ted
22being reactive towards water (SCJ-potentially contributing to the significant formation of a
23 range of organic acids in the atmosphere), and a fraction being relatively unréaetives
24 water(SCI-B), analogous to the structural dependencies observed for the simp&iCa
25 SCI system, has been shown to describe the observed kinetic data reasoridblyali¢he
ma@toterpene systems investigated, and may form a computationally affordable and
27 conceptually accessible basis for the description of this chemistry atthimspheric models.
TH&8 atmospheric fate of SCI-B produced from the monoterpenes studied here will be
atrolled by their removal by unimolecular decomposition. In this work, we have
30 experimentally determined the monoterpene SCI-B decomposition rate to be bedf@eerd
31 250 s'. This has significant implications for the role of monoterpene derived SCI dentsi
32 in the atmosphere. The fate of SCI-A will be reaction witiier or the water dimer, likely

JdBading to the production of a range of organic acids.
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1 A theory-based analysis of the kinetics of the SCI formed frgpimene," -pinene ozonolysis
2 has also been performed, which complements the experimental work. The idénififahe
3 likely SCI-A and SCI-B populations and the derived kinetics agree with experimental
dbservations within the respective uncertainties.

5 A modelling study using the GEOS-Chem global 3-D chemical transport mode¢sigopied
6 with the chemical kinetics elucidated in this work suggests that the | glotmaoterpene
deriked SCI burden will be dominated (> 97%) by SCI-B. The highest annually averaged SCI
8concentrations are found in the tropiosjth seasoally averaged monoterpene SCI
c@ncentrations up to 1#210* cm® owing to large monoterpene emissions. Across the boreal
10 forest, average SCI concentrations reach between 3#B1@ cm® during the northern
IHemisphere summer. Oxidation of S®y monoterpene SCI is shown to also be most
12 important in the tropics. While oxidation by SCI contributes < 1% to gas-phasex&fation
13 globally, over tropical forests this can rise to up to 50afegertain times of the year.
Monoterpene SCI driven SQoxidation will increase the production of sulfate aerosol b
15affecting atmospheric radiation transfer, and heclimate and reduce the atmospheric
lBetime and hence transport of §OThese effects will be substantial in areas where
17 monoterpene emissions are significant, in particular over the Amazon, Centcal &fdSE
18 Asian rainforests.

19
20
21 Z%&%$FI%,1%4,1,&2%
22 Experimental data will be made available in the Eurochamp databasegurochamp.org)
2B8m the H2020 EUROCHAMP2020 project, GA n%¥4730997
24 3

25  F-2/(C1#53#'#/8)$
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Table 1. Monoterpene SCI yields derived in this work and reported in the literature.

I'sa” Referencé Notes' Methodology"

I -pinene

0.19 (+ 0.01) This work " SO loss

0.15 (£ 0.07) SipilS et al. (2014) Formation of HSO,"
0.22 Taipale et al. (2014) " "

0.125 (+ 0.04)

(personal comm. Berndt)
Hatakeyama et al. (1984 "

Formation of HSO,

0.20 MCMv3.3.12 "
"-pinene " "
0.60 (£ 0.03) This work SO loss
0.46 Ahrens et al. (2014) (cosci:0.36 FTIR detection
(cH200:0.10
0.25 MCMv3.3.1°% (cosci:0.102
(cH200:0.148
0.42 Nguyen et al. (2009) (cosci:0.37 Theoretical
( cH200:0.05
0.51 Winterhalter et al. (2000) ( cosci:0.35 Change in nopinone
(ch200:0.16 yieldsf([H20])
0.44 Kotzias et al. (1990) Formation of HSO,
0.25 Hatakeyama et al. (1984 " Formation of HSO,"
0.30 Zhang and Zhang (2005) ( cosci:0.22 "
(cH200:0.08
>0.27 Ma and Marston (2008) ( cgsci:0.27 Change in nopinone
( cH200:0.16! yieldsf([H20])"
( cH200:0.08
0.27 Hasson et al. (2001) Change in nopinone
yieldsf([H20])
Limonene
0.23 (£ 0.01) This work SO, loss
0.27 (£ 0.12) SipilS et al. (2014) Formation of HSO,
0.34 Leungsakul et al. (2005) ( ciosci:0.26 Measurement of
(c1x:0.04 stable particle and
( cH200:0.05 gas-phase products
0.135 MCMv3.3.1%
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Uncertainty ranges+( 2% parenthesg@sindicate combined precision and systematic measurement error
components for this work, and are given as stated for lireragtudies All referenced experimental studies

produced SCI fronMT + Os; and were conducted between 700 and 760 Tdrttp://mcm.leeds.ac.uk/MCM/
(Jenkin et al.2015.

#assuming 100 % stabilisation
P assuming 40 % stabilisation

o0 A W N P
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o O b~ WDN

10

11

12
13

1Table 2. Monoterpene derived SCI relative and abgblate constants derived in this work.

el 10° ka/ks 10" ks 1012 ky/ko Ky

(cm® sh) (cm?) (sh

I -pinene
SCI-A > 140 (£ 34) >310 (= 75)

SCI-B <82 (+1.5) <240 (+ 449

"-pinene
SCI-A >10 (+2.7) >4 (+1f

SCI-B <6.0(x1.3) <170 (+38)

Limonene
SCI-A <35(*0.2) <7.7(x0.6)

ScCI-B >45(+0.1) > 130 (+ 3§

Uncertainty ranges+( 2% parenthesg@sindicate combined precision and systematic measurement error
components? Scaled to an absolute value usikgant-CH;CHOO) = 2.2# 10 cm® s (Sheps et al., 20149
Scaled to an absolute value usikgant-CH;CHOO) = 4# 10* cm® s* (Ahrens et al., 2014 Scaled using
ka(synCHs;CHOO) = 2.9% 10™ cm® s (Sheps et al., 2014).
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1 Table 3. Unimolecular reactions for the CI derived frorpinene,” -pinene, andl-limonene,
2 as derived by Vereecken et al. (2017). Barrier heights (kcal')niisted estimate post-
3 CCSD(T) energies.

Carbonyl oxide Reaction Ep k(298K) / s’
I -pinene
Cl-1a 1,4-H-migration 15.8 600

SOZformation  15.6 5#102
1,3-ring closure  21.6  1#10°

Cl-1b 1,3-ring closure 14.8 60
1,3-H-migration  29.0  1#10°

Cl-2a 1,4-H-migration 16.3 250
1,3-ring closure  20.8  6#10°

Cl-2b 1,4-H-migration 17.0 60

SOZformation 135 8
Ring closure 19.9 3#102

"-pinene

CI-3 1,4-H-migration 15.7 375
1,3-ring closure  21.1  2#10°

Cl-4 1,3-ring closure 17.2 2.0

Ring opening 23.6  (Slow, Nguyen et al. 20@9

1,4-H-migration 24.9  (Slow, Nguyen et al. 2009a)
CH;00 1,3-ring closure 19.0 0.3

1,3-H-migration 30.7  1#10”

Limonené'

Cl-5a 1,4-H-migration SAR 200%
Cl-5b 1,3-ring closure SAR 75%
Cl-6a 1,4-H-migration SAR 430°
Cl-6b 1,4-H-migration SAR  700%
Cl-7a 1,4-H-migration SAR 15
ClI-7b 1,4-H-migration SAR 600

® Formation ofsecondary ozonides (SOZ) is not included, and coulthdelominant unimolecular loss.
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1 Table 4. Rate coefficients (émmoleculé' s?) for the reaction of CI with pD and (HO); as

2 predicted by Vereecken et al. (2017). Values are based on explicit CCSD(@¢/aug-
PVTZ/IM06-2X/augec-pVTZ calculations and multi-conformer TST, including empirical

4 corrections to reference experimental data, except for limonene-derived Cl wheréuése va
are predicted using a structure-activity relationship. The rate coefficientCHeDO,
CH;CHOO, and (CH),COO are within a factor of 4 of evaluated literature data (Vereecken et

7 al., 2017).
Carbonyl oxide  k(298K) H,O  k(298K) (H20):
CH,00 8.7110° 1.4410%
SynCHsCHOO  6.7#10™%° 2.1#10%
anti-CHCHOO  2.3#10** 2. 710
(CH3),CO0 7.5410%8 1.8410*
I -pinene
Cl-1a 1.3410%8 2.910%°
Cl-1b 1.5410% 1.7#10"
Cl-2a 1.0410%8 2.54101°
Cl-2b 2.4#10%° 7.0#10%°
"-pinene
CI-3 1.7410*8 4.3410%°
Cl-4 4.24101 6.4#10"
Limonene
Cl-5a 1.5410%8 4.3410"°
Cl-5b 1.5#10 17410
Cl-6a 9.1#10'8 2.1#10™
Cl-6b 1.5#10% 3.2410%
Cl-7a 9.74#10'8 1.9410%
Cl-7b 4.3410'8 1.1#10™
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Table 5. Kinetic parameters used in the global modelling study.

Scl s 10%ks 107k ® kg
(cm? st (cm®sh  (sh

I -pinene

SCI-A 0.08 310 22 -

SCI-B 0.11 - 2.9 240

"-pinene

SCI-A 0.25 4 4 -

SCI-B 0.35 - 2.9 170

Limonene

SCI-A 0.05 7.7 22 -

ScI-B 0.18 - 2.9 130

Myrcene

SCI-B 0.30 - 13 81e

Ocimene

SCI-B 0.30 - 13 81e

Sabinene”

SCI-A 0.25 4 4 -

SCI-B 0.35 - 2.9 170

3-carene®

SCI-A 0.08 310 22 -

SCI-B 0.11 - 29 240

akz(SCI-A+SOZ) from (SO +anti-CH3;CHOOQO) - Sheps et al. (2014k(SCIB+S0,) from (SO+synCH;CHOO)
- Sheps et al. (2014inless otherwise stated
b ka(SCIFB+S0O,) from (SO+anti-(CH3),COO)PHuang et al. (2015)
¢ ks(SCIB) from Newland et al. (2015}scaled td,(SCI-B+S0,) from Huang et al. (2015)
Kinetics based oh-pinene
€ Kinetics based o-pinene
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1Table 6. Monoterpene contribution to [SCI] and,®®idation in the surface layer of the
2 model simulation.

Monoterpene Annual % contribution % contribution % contribution
emission&(Tg C) to [SCIA] to [SCI-B] to SQ oxidation
I -pinene 35.4 0.5 16 6.9
"-pinene 16.9 74 46 65
limonene 9.2 3.5 14 7.2
myrcene 3.1 0.0 1.2 4.5
trans* -ocimene 14.1 0.0 54 11
sabinene 7.9 22 14 4.5
3-carene 6.4 0.0 2.7 1.6
3  ®FromMEGAN v2.1 (Guenther et al2012)
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2 Figure 2. Cumulative consumption of $@s a function of cumulative consumption of, O

3SQ0; versus' Os, for the ozonolysis of -pinene,”-pinene and limonene in the presence of

4 SO at a range of water vapour concentrations, frafl0" cm to 1.9# 10" cm®. Symbols

5 are experimental data, corrected for chamber dilution. Lines are smoothed fite t

6 experimental data.
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and kg (k(SCI-B

unimol.))/k(SCI-B+SQ) as a function of the ratiks/k, (k(SCl+acid)k(SCI+SQ)), derived
from least squares fit of Equation E4 to measurements shown in Figures 3 {9ifiene," -

5pinene and limonene respectively.
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3 Figure 7. Annual mean monoterpene $Cand SCI-B concentrations (¢tin the surface
layer of the GEOS-Chem simulation.
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2 Figure 8. Season&(O;, oxidation by monoterpene S@s percentage of total gas-phase,SO
3 oxidation in the surface layer.
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