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Abstract. A new chemical mechanism for the oxidation of biogenic vildadrganic compounds (BVOCS) is presented and
implemented in the Model of Atmospheric composition at Gllodind Regional scales using Inversion Techniques for Trace
gas Emissions (MAGRITTE). With a total of 99 organic speeied over 240 gas-phase reactions, 67 photodissociations an
heterogeneous reactions, the mechanism treats the chelegradation of isoprene — its main focus — as well as acetglie,
acetone, methylbutenol and the family of monoterpenesaRingy isoprene, the mechanism incorporates a stateeedith
representation of its oxidation scheme accounting for ajomadvances put forward in recent theoretical and laboyat
studies. The model and its chemical mechanism are evalagtidst the suite of chemical measurements from the SRSC
(Studies of Emissions and Atmospheric Composition, ClarasClimate Coupling by Regional Surveys) airborne campaig
demonstrating a good overall agreement for major isoprg&iation products, although the aerosol hydrolysis ofdeytand
non-tertiary nitrates remain poorly constrained. The cangons for methylnitrate indicate a very low nitrate yigtd3-10~%)

in the CH3O-2+NO reaction. The oxidation of isoprene, acetone and acetattteby OH is shown to be a substantial source
of enols and keto-enols, primarily through the photolydisnaltifunctional carbonyls generated in their oxidatiahemes.
Oxidation of those enols b@H radicals constitutes a sizable source of carboxylic acitimated at 8 Tg{COOH) yr—*
and 17 TgCH3COOH) yr—1, or ~25% of their global identified source. The ozonolysis of akk®is found to be a smaller
source o ICOOH (6 TgHCOOH yr—1!) than previously estimated, due to several factors inalgithie strong deposition sink
of hydroxymethylhydroperoxide (HMHP).

1 Introduction

The terrestrial biosphere is, by far, the largest sourceoofmethane volatile organic compounds (NMVOCSs) to the glob
atmosphere (Guenther et al., 2012). Because those biogéxis (BVOCSs) are generally very reactive, their chemicarde
dation takes mostly place in the boundary layer, in the itigiof the emission regions, where they have a strong impact o
the budget of oxidants and the formation and growth of seapndrganic aerosol (SOA), a major component of fine partic-
ulate matter (Seinfeld and Pandis, 2006; Hallquist et 8092. Even far away from those regions, longer-lived intdates
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generated in their oxidation (e.g. organic nitrates andxritrates) have a large impact on nitrogen oxides (NOylrbxyl
radical OH) and ozone levels (Paulot et al., 2012).

Among the BVOCs, isoprene has by far the largest global eomissof the order of 500 Tg yr, representing about 50% of
all BVOCs; other major biogenic compounds in terms of eroissinclude the monoterpenes, methanol, acetone, adeydiele
and ethanol (Guenther et al., 2012). The complex chemigadiation mechanism and the profound impact of isoprene on
air quality and the climate has been the topic of numerous fietainer et al., 1987; Claeys et al., 2004; Lelieveld et2008;
Hofzumahaus et al., 2009; Toon et al., 2016), laboratoraf®n and Atkinson, 1989; Paulot et al., 2009a, b; Crounsk et a
2011; Wolfe et al., 2012; Kwan et al., 2012; Lin et al., 2018¢cks et al., 2013; Bates et al., 2014, 2016; Nguyen et al5&01
2016; Schwantes et al., 2015; Teng et al., 2017), theotéReaters et al., 2009; Kjaergaard et al., 2012; Crounsk, &4 3;
Peeters et al., 2014; Peeters and Nguyen, 2012; Liu et dl7; Rraske et al., 2018) and modelling studies (Stavrakal,et
2010; Paulot et al., 2012; Taraborrelli et al., 2012; Jewkial., 2015; Squire et al., 2015; Travis et al., 2016; Leid\et al.,
2016; Silva et al., 2018; Stadtler et al., 2018).

Our understanding of isoprene oxidation has expandedaeraly in the last decade. Most importantly perhaps, tudi-tr
tional views regarding the fate of large, multifunctionafpxy radicals formed in the oxidation of isoprene and odiVOCs
has been radically altered by the realization that H-sk#ictions in such radicals can sometimes be fast enough tpatem
with, or even outrun, their reactions with nitric oxide aretqxy radicals (Peeters et al., 2009; Crounse et al., 2Gdrg €t al.,
2017). The impact of the 1,6 H-shifts in allylic peroxy raaleformed in the oxidation of isoprene B\ is enhanced by their
thermal instability allowing fast interconversion of théferent peroxy isomers/conformers (Peeters et al., 20809h that
the 1,6 H-shifts can compete with the conventional bimdercteactions for the entire pool of initial peroxys, whictegtly
affects the product yields (Peeters and Miiller, 2010; Peeteal., 2014; Teng et al., 2017). Other examples of permxyer-
ization reactions shown to be of importance include 1,4katde H-shifts (Asatryan et al., 2010; Crounse et al., 20h&)the
very fast enolic H-shifts (Peeters and Nguyen, 2012) asagllydroperoxide H-shifts (Jorgensen et al., 2016). Thdtheg
autoxidation reactions generate multifunctional hydrogiles shown in some cases (in monoterpene oxidation) ¢d &ech
extremely low volatility as to play a crucial role in SOA arlded condensation nuclei (CCN) formation (Crounse et 8i1,3
Jokinen et al., 2014, 2015), while in other cases, they alieveel to be an important source of HOx radicals through pho-
todissociation (Peeters and Miller, 2010; Wolfe et al.,2Q1u et al., 2017, 2018). The recycling of OH radicals assec
with peroxy H-shifts and their subsequent reactions, a$ agelvith other previously unsuspected reactions such asidpo
formation from activated hydroxy hydroperoxy radicals@aet al., 2009a) has led to a reassessment of the ovelgdldn
of isoprene (and other BVOCs) @énH andHO,, levels, now found to be fairly consistent with HOx measuretaé isoprene
photooxidation experiments (Fuchs et al., 2013; Novelilget2018b) as well as in field experiments in isoprene-t@mli;NOXx
environments (Bottorff et al., 2018). The importance opigme-derived epoxides stems from their major role as psecs
of SOA demonstrated by laboratory and field measurementddRet al., 2009a; Surratt et al., 2010; Lin et al., 2012,301
Finally, the impact of isoprene on NOXx levels has been alsvaleated due to a better assessment of organic nitrateform
tion in isoprene oxidation b)H (Paulot et al., 2009b; Lee et al., 2014; Teng et al., 2017;Alerg et al., 2018) anN O3
(Kwan et al., 2012; Schwantes et al., 2015; Wennberg et@lL.8Ras well as of the balance between NOx-recycling path-
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ways such as photolysis (Mdiller et al., 2014) and NOx teridosses through heterogeneous hydrolysis in aqueous@gsros
(Romer et al., 2016) and dry deposition (Nguyen et al., 2D15b

A proper model assessment of the role of BVOCs in the glologlasphere and in issues such as air quality and the in-
teraction between the biosphere, the atmosphere and thatelirequires the implementation of up-to-date, statdwefart
chemical mechanisms in large-scale (global or regionaljet® Whereas completely explicit mechanisms are not all@s
due to computational cost concerns, oversimplified mechaniare clearly not appropriate as tools to explore the itgfac
mechanistic changes, especially in the context of the mymitlition of our understanding of the mechanisms. We pidse a
semi-explicit mechanism of intermediate complexity inmmating the major advances reported above. It covers titation
of isoprene, monoterpenes, methanol, acetone, acetaldebthanol and 2-methyl-3-butene-2-ol (short-handed ethyh
butenol or MBO). This mechanism is implemented in the Modeéhmnospheric composition at Global and Regional scales
using Inversion Techniques for Trace gas Emissions (MAG@®E)Twhich is based on the previous global model IMAGES
(Muller and Brasseur, 1995; Stavrakou et al., 2009a, b, 2Babwens et al., 2016).

Given the very large uncertainties in monoterpene oxidatioeir treatment is still very crude in the mechanism, twus
being put on the formation yield of important products. Réggy isoprene, the mechanism relies on the Leuven Isoprene
Mechanism (Peeters et al., 2009, 2014) and on the exteresipéicit Caltech oxidation mechanism (ca. 900 reactions$ an
400 species) recently presented by Wennberg et al. (20&8gdbon a critical appraisal of the relevant theoreticallahd-
ratory studies. For other reactions not addressed in thasiées, it also relies on the Master Chemical Mechanism (MCM
(Saunders et al., 2003; Jenkin et al., 2015) and on our ownai@n. The mechanism also incorporates important newhmec
anistic developments related to e.g. the revisited roleydfdperoxycarbonyl photolysis (Liu et al., 2017, 2018) dmel fate
of enols and keto-enols produced from such processes. Diese developments, the oxidation of isoprene as well as of
other compounds (e.g. acetone and acetaldehyd€)tbyntails a previously unsuspected source of formic and@eetd,
for which atmospheric observations suggest the existehleege missing sources (Paulot et al., 2011; Stavrakou ,e2@12;
Millet et al., 2015) especially since ti€COOH source due to alkene ozonolysis through the Criegee IntiatesCH,OO0
recently turned out smaller than previously thought (Stet@d., 2017; Allen et al., 2018).

The complete chemical mechanism of BVOC oxidation is preseim Sect. 2. The parameterization of Henry’s law con-
stants and dry deposition velocities is presented and atedlin a companion paper (Miller et al., 2018). Simulatieith
the MAGRITTE model and the updated chemical mechanism a&sepited in Sect. 3, including an evaluation against aigorn
measurements over the Eastern United States (Sect. 3.3)@edentation of the global sources of carboxylic acidst(Se4)
and glyoxal(Sect. 3.5) resulting from the implementatibthe chemical mechanism.

2 Thechemical mechanism of BVOC oxidation in MAGRITTE

The list of chemical species and the complete gas-phase BdM@ation mechanism are given in Tables 1-3.
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2.1 Isoprene+ OH
2.1.1 Initial stepsof mechanism

To limit the number of species and reactions, the OH-addoatsed from the reaction of isoprene with OH are not exgiicit
represented, and the isoprene peroxys are lumped into ¢brepounds: ISOPBO2 and ISODOZ2 resulting from addition of
OH to carbons 1 and 4, respectively, and ISOPEQOZ2 resultorg H addition to the central carbons (see Peeters et al4]201
regarding carbon numbering). For example, ISOPBO2 indulde 1,2-OH-peroxy as well as the 1,4-OH-peroxy which can
undergo a 1,6-H shift leading tod&-hydroperoxy aldehyde (HPALD1) and other products. TheoratiOH addition to G

to addition to G is 37:63 (Wennberg et al., 2018). Accounting for the fagtricdnversion of3- andd-OH-peroxys, the bulk
isomerisation rate of ISOPBO2 and ISOPDO2 was shown to &serénearly with the sink rate:f) of the traditional peroxy
reaction (Peeters et al., 2014). The following expressidiibe bulk 1,6 isomerisation rates are obtained by linegre®sion

of the bulk rates between 285 and 305 K, based on the expesdimestimates of the peroxy unimolecular reaction rates
(Wennberg et al., 2018):

kisopeoz= 3.409 - 10'2 - exp (—10698/T) + k, - 1.07 - 103 - exp (64/T) (1)

kisoppo2= 4.253 - 108- exp (—7254/T) + k‘p .2.33-1077- exp (3662/T) (2)

As MAGRITTE is not intended to model local urban conditionghwery high NO levels, we omit the products of the
bimolecular reactions of thé&hydroxyperoxy radicals, which at NO levels below 1 ppbwgdess than 5% of the reactive
flux. The )—HPALD vyield in the 1,6 H-shift is taken equal to 25% (Teng et aD17), and dihydroperoxy carbonyl peroxy
radicals (DIHPCARPIL;H3;C(0OO)(CHO)CH(OOH)CH,OOH and its isomer DIHPCARP2) are assumed to make up the
rest (Peeters et al., 2014). Unidentified species isobaitlt the 6 —HPALDs were also measured by Teng et al. (2017) at
a 15% yield, and assumed by Wennberg et al. (2018) to corfsi$tHPALDs (e.g.O=CHC(OOH)(CH;3)CH=CH,) also
formed from the 1,6 H-shift of thé-OH-peroxys. However, the proposed formation route woelguire O, loss from one
of the equilibrated hydroperoxy-peroxy radicals, whicluiikely to be competitive with thélO5 expulsion from the initial
hydroperoxy-peroxy radical to form+HPALDs (Peeters et al., 2014). Those pathways are notdedunere, such that our
DIHPCARP yield (75%) could be somewhat overestimated.

Besides bimolecular reactions with NO and H@he DIHPCARPs were proposed to undergo aldehyde H-sluiftsi-t
hydroperoxy acyl radicals which can eliminat® and OH and form dihydroperoxycarbonyl®{(HPMEK or DIHPCHO,
see Table 1) (Peeters et al., 2014; Wennberg et al., 201@ctzixperimental evidence is still lacking for these rigast They
are assumed to be very fast and therefore largely dominatitiospheric conditions by Wennberg et al. (2018), althabhgh
DIHPCARPs were bypassed in their reduced mechanism andoegpby simpler;-Cs) compounds, including hydroper-
oxyacetaldehyde (HPAC) and hydroperoxyacetone (HPACHfi)ch were observed in the laboratory and quantified regativ
to the sum of HPALDs by Teng et al. (2017). The bimoleculactieas of the DIHPCARPs are believed to form HPAC and
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HPACET, along with other compounds inlcuding glyoxal andmytglyoxal (Peeters et al., 2014; Wennberg et al., 2018 T
ratio of HPAC and HPACET to the sum of HPALDs was found by Tehgle(2017) to show very little dependence on NO
levels, which is difficult to rationalize if those compoural® formed by DIHPCARP bimolecular reactions in compatitio
with H-shifts. On the other hand, such competition was gfiypsuggested by the finding (Crounse et al. (2011), amentimen
published in 2012) that the HPAC and HPACET relative yieldseMarger (comparable to that of HPALD) in the deuterated
isoprene system, since D-shifts are known to be much sldveer Itl-shifts. Nevertheless, HPAC and HPACET formation from
the bimolecular DIHPCARP reactions would require very slavghifts, which is very unlikely. Very fast H-shift is there
fore assumed here, supported by recent theoretical catmagNovelli et al., 2018b). Note that besidé® elimination, the
tri-hydroperoxy acyl radicals might also adi (Novelli et al., 2018b); the resulting acylperoxy could engb an H-shift to
form a dihydroperoxy peracid of which the subsequent faggires further investigation. AlthoughO elimination could be
dominant in the case of DIHPCARPO, addition could be the major fate of the tri-hydroperoxy a@dical resulting from
the H-shift in DIHPCARP?2.

2.1.2 Hydroperoxycarbonyl photolysis

The isoprene oxidation mechanism (in particular the DIHRRApathways) generates several hydroperoxycarbonyls. Pho
tolysis is expected to dominate the loss of @hydroperoxy aldehydes (e.g. HPAO=CHCH>OOH) and of several hy-
droperoxyketones (among which HPACETH; C(O)CH2OOH) due to estimated near-unit quantum yields and to the strong
enhancement of the absorption cross sections caused hytéhadtion between the hydroperoxy and carbonyl chromigzho
(Jorand et al., 2000; Liu et al., 2018). The expected likebjanpathway in the photolysis of 2-hydroperoxy propanat wa
theoretically determined to be a 1,5 H-shift in the S1 stetaling to enol formation (along with triplet.Q) at an esti-
mated yield of 84%, whereas intersystem crossing (ISC)ltieguin C—C scission (i.e. formyl elimination) and OH expul
sion, makes up the rest (Liu et al., 2018). Similar yieldseaqeected (and adopted here) for e.g. HPAC and HPACET. How-
ever, the enol yield should be lower for heavier compoundstduexpected faster ISC rates. It is taken to be 50% for e.g.
CH3C(O)CH(OOH)CH=0 (HPKETAL) andO=CHC(OOH)(CH3)CH=0 (HPDIAL). Furthermore, when H-bonding be-
tween the carbonyl-O and the hydroperoxide-H supposeddengio the H-shift leading to enol formation is not favoured,
because of possible H-bonds of this hydrogen with anothggexin the molecule, enol formation is disadvantaged aeikth
fore neglected here for simplicity. This situation applieparticular to the dihydroperoxycarbonyls produced ia tbactions
of the DIHPCARPSs. For these compounds, formyl or acetyliglation, followed by OH expulsion, is taken to be the only pho
tolysis channel. Note that, to limit the number of compouandd reactions in the mechanism, several hydroperoxycgidbon
are not considered explicitly, and are replaced by theimaged photolysis products.

The theoretical investigation of the reaction of OH withwlialcohol (VA) (So et al., 2014) and with propenols (Lei et al
2018) is the basis for our evaluation of OH-reactions witblerOH-addition generally follows e.g.
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RCH=CHOH + OH(+0,) — RCH(O,)CH(OH), 22" 1(0)OH + OH + RCHO

— RCH(OH)CH(OH)O, — HO, + RCH(OH)CHO

In the case of vinyl alcohol (generated in HPAC photolydisg formic acid yield is ca. 60% according to So et al. (2014).
Acetic acid is similarly formed from the OH-reaction of 2epprenol generated in the photolysis of hydroperoxyacetosiesf al.,
2018).HCOOH should also be formed in the OH-reaction of hydroxyvinylhyéitetone HMVK, HOCH=CHC(O)CHs)
and hydroxymethacroleifMAC, O=CHC(CH3)=CHOH), although at a lower yield due to the competition with other
possible reactions. Note that the acid-catalyzed tautizatén of enols is neglected, based on the theoreticaysitithe case

of vinyl alcohol (Peeters et al., 2015).

2.1.3 HPALD photolysis

The HPALD photolysis quantum yield is taken equal to 0.8, mpmmise between the experimental value #HU for a G
HPALD proxy (Wolfe et al., 2012) and the theoretical valuet@ally a lower limit) of 0.55 by Liu et al. (2017). The mecha-
nism following HPALD photolysis is based on the theoretitaldy of Liu et al. (2017):

HPALDI1 4+ hry — OH+ 0.11
+0.11
+0.56
+0.22

HO, + O=CHCH=C(CH;)CH=0 (MBED))
CO + OH + O=CHCH(OOH)C(0O)CH; (HPKETAL))
CO + OH + O=CHCH=C(CH;)(OH) (HMVK))

CO + CH3C(05)=CHCH,OH' (V1021))

~—~ Y~ o~ —

HPALD2 + hv — OH + 0.18 (HO, + O=CHCH=C(CH3)CH=0 (MBED))
+0.18 (CO + OH + O=CHCH(OOH)C(O)CH;3 (HPKETAL))
+0.46 (CO + OH + O=CHC(CH3)=CHOH (HMAC))
+0.18 (CO + HOCH,C(CH3)=CHO,' (V2021))

Note that the formation ddCHC(CH;3)(OOH)CHO, considered in Wennberg et al. (2018) besiH®KETAL formation
in the second photolysis channel of ea€RALD, is neglected here as it was found to be minor (Liu et al., 2017

Based on a reaction chamber study of butenedial and 4-g@ngenal photolysis (Thuner et al., 2003), the photolykis o
methylbutenedial\IBED) should be very fast (lifetime of minutes) and lead to a forsetype compound as major product,
as well as methylmaleic anhydridelM AL) and other compounds. Relying on MCM for the further oxidawf the furanone
by OH, we replaceV BED by its assumed photooxidation products:

MBED 2% 0.55 (—OH + 2CO5 + HCHO + CH3CO3)

+0.20 MMAL + 0.15(MGLY + CO + HO2 4+ CO3) 4+ 0.10 (GLY + CH3CO3 + CO»)
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The major sink of the enolHMAC andHMVK should be their reaction withH, leading in part to formic acid forma-
tion (see Table 2). Based on the experimental study of Yoah €1999), photolysis of the analogous form of acetylaceto
(CH3C(O)CH=C(OH)CH3;) yieldsOH and a vinylic co-product radical up to a wavelength of 312 with an OH appear-
ance rate of 10s~! or higher around 300 nm, implying a quantum yield at atmosphmessure of order 0.1 (instead of a
near-unit quantum yield as assumed by Liu et al. (2017)). athsorption cross sections of the enols are obtained from the
acetylacetone study of Nakanishi et al. (1977). By analoily the CH,=CH?® + O, reaction (Mebel and Kislov, 2005), we
assume that the vinylic co-product radicalsHi¥IAC andHM VK photolysis react rapidly witl), to give HCO + MGLY
andCH3;CO + GLY, respectively.

The activated vinylperoxy radicalé102t and V202" might be stabilized by collisions and undergo reaction$ WO,
HO, andNOs, (Liu et al., 2017), but a more probable fate is decompos{fidebel and Kislov, 2005), t&¢ H3CO + GLYALD
in the case o102, andHCO + HYAC, in the case oV202.

2.2 Isoprene+ Og

The ozonolysis mechanism follows the experimentallyagEtimodel of Nguyen et al. (2016), except regarding the fatieeo
Criegee intermediat€H,OO0, formed with a yield of 58% (and assumed to be entirely stadd]). Whereas Nguyen et al.
attributed a significant role to the reaction@f, OO with the water monomer, motivated by the dependence of teerobd
yields on relative humidity, the reaction 6fH,OO with the water dimer has been shown by several groups to beljar
dominant at all relevant conditions (Berndt et al., 2014a€&ht al., 2015; Smith et al., 2015; Lewis et al., 2015; Shepk,e
2017) and is therefore the only reaction considered hereeMork is needed to elucidate the humidity dependence of the
yields. Reaction with the dimer follows the recent study bégs et al. (2017):

CH,00 + (HQO)Q — 0.55 (HOCHQOOH + HQO)
+0.4(HCHO + H205 + H20)
+0.05 (HCOOH + QHQO)

2.3 Isoprene+ NOg

The mechanism foNOgs-initiated oxidation follows largely the laboratory study Schwantes et al. (2015). Several minor
pathways are neglected, however, as the further degradagchanism of several products remain unclear. The tidletien,
followed by Oo,—addition, forms several peroxy radical isomers lumped orie compoundNISOPO2). Generalizing the
mechanism proposed by Schwantes et al., the reactidiiSH PO2 with non-tertiary peroxy radicals proceeds following
NISOPO2 + RO — 0.2(NISOPO + RO + O2)

+0.4(0.88NC4CHO + 0.12MACR + 0.12HCHO + 0.12NO2+ ROH)

+0.4(0.88ISOPCNO3 + 0.12ISOPDNO3 + R/CHO)
whereas for tertiary peroxy radicals the reaction reads
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NISOPO2 +RO2 — 0.5(NISOPO + RO + O5)
+0.5(0.88NC4CHO + 0.12MACR + 0.12HCHO +0.12NO, + ROH)

The proposed 1,6 H-shift of the trans-[1,4] isomeMNdSOPO2 radicals (Schwantes et al., 2015) is neglected, as it is slow
(4-10~* s~1) compared to the other reactions. The differentisomersebky radicaNISOPO have different fates: decompo-
sition to MVK or MACR (for the 3-nitroxy oxys), reaction wittD,, (for thed’s), and a fast 1,5 H-shift (Kwan et al., 2012) (ca.
2:10° s~ 1) for the -(1-ONG;,4-0) radical, outrunning th@,-reaction by a factor of about 4. The isomerisation leadsy af
O»-addition, to a peroxy of which the reaction wifO or NO3 forms an enal nitrate)oNOCH,C(=CH,)CH=0, along
with HCHO andHO- (Wennberg et al., 2018). The main expected fate of this eitralte is photolysis, ttNO, + HCHO +
O=CH-C(=CH.)O,. The latter radical can undergo a fast 1,4 H-shift to gi\@ + OH + H,C=C=0 (ketene). Ketene can
react withOH, at a rate of ca. 1.70~!! molec ! cm? s~ !, producingCO + °CH,OH (Calvert et al., 2011); it also photolyzes
to ' CH, (or 2CH,) + CO. The fate of methylene is mainly oxidation@©O or CO, (Baulch et al., 2005). Based on photolysis
parameter data provided by Calvert et al. (2011), photsligssestimated to be slightly less important than ¢hé-reaction,
and is therefore neglected here for simplicity.

Based on the above, the lumped oxy radical undergoes theensead fast reaction

NISOPO — 0.42MVK + 0.04 MACR + 1.54HCHO + 0.82NO3 + 0.18 NC4CHO + 0.9HO2 + 0.72CO

The - andd-nitroxy hydroperoxides formed in tl8ISOPO2 + HO, reaction are explicitly considered. Their reactions
with OH forms nitroxy hydroxy epoxided¥INE) as well as hydroperoxy and nitroxy carbonyls, also exijicionsidered in
the mechanism. A major product of tlSOPO2 reaction withNO or RO- is the enal nitrat&dd C4CHO. Laboratory work
on an analogous compound (Xiong et al., 2016) has shown kiwdolysis is by far its dominant sink, owing to high quantum
yields and to enhanced absorption cross sections attdltatéhe interaction of the nitrate and carbonyl chromoph®he
NC4CHO photolysis cross sections and quantum yield recommentfatiow Xiong et al. (2016). The reaction produces the
same oxy radicals as in HPALD photolysis (see above, Sekt. 2.

2.4 Crossreactionsof peroxy radicals

The channel ratios and rates of the cross reactions of peaakgals generally follow Capouet et al. (2004), exceptivimere
recent recommendations exist (e.g. Schwantes et al. (Z0dperoxys resulting from N@addition to isoprene). The cross
reaction rates are calculated as twice the geometric methe self-reaction rates, except for acylperoxy radicaisvinich the
rate and channel data reported for {&D; are used (Atkinson et al., 2006). The self-reaction rateshtained from compiled
data for similar compounds (Capouet et al., 2004; Peetetdtitier, 2010; Atkinson et al., 2006).
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2.5 Peroxy radical reactionswith NO and HO-

We adopt the recommendations of Wennberg et al. (2018) #ordtes of non-acyl peroxy radical reactions Wi (2.7 -
1072 exp(350/T) cm?® molec™* s1) as well as withHO» (2.82- 10~ 3 exp(1300/T) - [1 — exp(—0.2317n)] cm® molec™?
s~!, with n the number of heavy atoms in the radical, excluding the penociety).

The organic nitrate yield in the reactions of organic pesaxith NO is calculated according to the temperature andspres
dependent expression of Arey et al. (2001), scaled in ood®atch experimental values at chamber conditions, whelabla
The ratio of the nitrate formation pathway to the oxy radfcaining pathway is given (Arey et al., 2001) by

ko[M] : 2y-1

- prlt+llogio(ko[M]/keo )]}

it = o [V o ®)
ko = aexp(B-nc) (T'/298)~™° 4)
koo = Y298 (T /298) e (5)

with a = 2210722 cm® molec™!, 3 = 1.0,Y2% = 0.3, F = 0.1,m¢ = 0, m+ = 8, andnc is the number of carbon atoms in
the peroxy radical. Although this expression was derivegézondary alkyl nitrates, we apply it to compute all nérgields,
given the scarcity of data for tertiary and primary nitraf€arter and Atkinson, 1989). The altitude and latitude delpace

of the yields is shown in Fig. 1 for several valuesref. It has been proposed that the nitrate yield should incredgtbethe
number of heavy atoms, instead of with the number of carbior@ying higher yields for highly functionalized compound
(Matsunaga and Ziemann, 2010; Lee et al., 2014; Wennbeltg 2048), because more heavy atoms increase the lifetime of
theROONO* adduct. However, such procedure often overestimates thsumed nitrate yield (Wennberg et al., 2018).

26 CH30:;+ OH

Methylperoxy radical CH305) was shown to react rapidly witbH (Bossolasco et al., 2014) although two more recent ex-
perimental studies inferred a lower rate constant (Yan.e2@l6; Assaf et al., 2016). The possible pathways include
CH305 + OH % CH30 + HO,
>, CH;0H + 0,
<, CH,0, 4 H,0
4 CH;000H

The stabilized trioxide HsOOOH) formed in channel d has several possible fates, among wettion withOH and
uptake by aqueous aerosols followed by decompositioriitgOH + O are expected to be the most important (Miller et al.,
2016). An upper limit of 5% for the yield of Criegee radicalasalso determined by Assaf et al. (2017), in agreement féth t
theoretical expectation that it should be negligible (Miikt al., 2016). A yield of 0-80.1 for the methoxy 4O, channel
was determined experimentally at low pressure (50 Torrséfst al., 2018), in good agreement with the best theotetica
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Figure 1. Organic nitrate yield in the reaction of secondary peroxdiaals withNO (Arey et al., 2001), calculated as functions of altitude
using temperature and pressure profiles typical of Janirabjue) and July (in red) at 40N (zonal average of ECMWF analyses}; is the

number of carbons.

estimate (0.92, range 0.77-0.97) determined in Miller.28l16) and used in our mechanism. It is also consistent thvéh
methanol yield measurements reported recently by Caravan @018) at both low and high pressure (GHI602 at 740
Torr). Those results imply however a methanol yield muchdothan the value (0.23) used in our global model to recoitsile
predictions with atmospheric methanol observations abtehocations (Muller et al., 2016). Note that at low presdiass used
in the experiments by Assaf et al. (2017) and Assaf et al.§P0&tabilisation of the trioxide is negligible, given theadratic
dependence of the stabilisation fractigig{y) on atmospheric pressure (Miller et al., 2016),

fstab= fo '}72 : (T/298)757 (6)

wherep is atmospheric pressure (atm) and T is temperature (K) . dihativer troposphere, however, stabilisation is significant
with a best theoretical estimate ¢if =0.107. Significant experimental evidence for this parttabsisation was found by
Caravan et al. (2018) at 740 Torr (but not at low pressure).

The mechanism does not account for the possible reacti@ntbfvith other peroxy radicals. As noted by Miller et al.
(2016), its relevance for larger peroxys (such as thoseddrim the oxidation of biogenic VOCSs) is expected to be lowant
in the case ofH30,. Furthermore, the fate of the stabilised trioxide formedigh yield (Muller et al., 2016; Assaf et al.,
2018) in the reaction of largeO-, radicals withOH is so far unexplored.

2.7 Model species and chemical mechanism

10
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Table 1. Chemical species of the oxidation mechanism of isoprenapteopenes and methylbutenol (MBO).

Notation Chemical formula
C: compounds
HCHO HCHO
CcO CcO
CH30H CH30OH
HCOOH HCOOH
CH30O0H CH300H
CH3000H CH3OOOH
CH30NO, CH30NO,
PAN CH3CO3NO2
HMHP HOCH2OOH
C compounds
CH3CHO CH3CHO
GLYALD CH,OHCHO
GLY CHOCHO
C2Hs0H C.Hs0H
CH3COOH  CH3COOH
PAA CH3COOOH
ETHLN OCHCH20ONO2
HPAC OCHCH,OOH
GCO3H HOCH,CO(OOH)
GCOOH HOCH,COOH
GPAN HOCH2CO3NO2
VA CH,=CHOH
C3 compounds
CH3COCH3 CH3COCH;3
HYAC CH2;OHCOCH;3
MGLY CH3COCHO
PYRA CH3COCOOH
C2H5COOH CH3CH,COOH

11
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Notation

Chemical formula

NOA CH3C(O)CH20NO,
HPACET CH3COCH>OOH
MVA CH,=C(CH3)OH
DHA CH;3C(O)CH(OH)2

C4 compounds
MACR CH>=CCH3CHO
MVK CH,=CHCOCH3
MPAN CH,=CCH3CO3NO2
MCO3H CH2>=CH(CH3)CO(OOH)
MCOOH CH,=CH(CH3)COOH
MVKOOH  0.55CHsC(O)CH(OOH)CH,OH + 0.45 CHs C(O)CH(OH)CH,OOH
MACRNO3  OCHC(CH3)(ONO2)CH,OH
MVKNO3 0.2CH3COCH(OH)CH20ONO2 + 0.8 CHsCOCH(ONO2)CH2OH
MACROH  HOCH,C(CHs)(OH)CHO
BIACETOH CH3COCOCH:;OH
DHBO CH3C(0)CH(OH)CH,OH
HOBA CH3C(O)CH(OH)CHO
DIHPMEK  CH3C(O)CH(OOH)CH,OOH
HPKETAL  CH3C(O)CH(OOH)CHO
HPDIAL OCHC(CH3)(OOH)CHO
DIHPCHO  CH3C(OOH)(CHO)CH;OOH
HMVK CH3C(O)CH=CHOH
HMAC OCHC(CH3)=CHOH
HMML HOCHC(CH;)OC=0

C'5 compounds
ISOP CH,=C(CHs)CH=CH,
MBO CHsC(OH)(CH3)CH=CH,
HCOC5 CH,=C(CH3)C(0)CH20H
ISOPBOOH CH,=CHC(CH3)(OOH)CH,OH
ISOPDOOH  CH,=C(CHs)CH(OOH)CH,OH
ISOPEOOH  CH,=C(CH3)CH(OH)CH,OOH

12



Geosci. Model Dev. Discuss., https://doi.org/10.5194/gmd-2018-316
Manuscript under review for journal Geosci. Model Dev.

Discussion started: 19 December 2018

(© Author(s) 2018. CC BY 4.0 License.

Notation Chemical formula

INDOOH HOCH,CH(ONO,)C(CHs)(OOH)CH,OH

ISOPBNO3 CH,=CHC(CHs)(ONO)CH,OH

ISOPCNO3 0.86 HOCH2,CH=C(CH3)CH20ONO> + 0.16 HOCH2C(CH3)=CHCH2ONO

ISOPDNO3 CH,=C(CH3)CH(ONO,)CH,OH

ISOPENO3 CH3C(=CH2)CH(OH)CH,ONO,

MBONO3 0.67 CH3C(OH)(CH3)CH(ONO,)CH; OH + 0.33 CH3 C(OH) (CH3) CH(OH)CH, ONO»

INCCO HOCH,C(0)C(CHs)(OH)CH20NO,

INCNO3 HOCH,CH(ONO3)C(CHs)(OH)CH20NO,

NISOPOOHB  0.9CH,=CHC(CHs)(OOH)CH;0NO; + 0.1 CH,=C(CH3)CH(OOH)CH,0ONO,

NISOPOOHD  0.84 HOOCH,CH=C(CHs)CH2ONO + 0.26 O:NOCH,CH=C(CHs)CH,OOH

IEPOX HOCH,CHOC(CH3)CH,OH

ICHE HOCH>CHOC(CH3)CHO and 3 isomers

DHHEPOX HOCH,C(CHs)(OOH)CHOCH(OH)

NC4CHO 0.750CHCH=C(CH3)CH2ONO; 4 0.25 0CHC(CH3)=CHCH,0NO,

ISOPBOH CH,=CHC(CHs)(OH)CH,OH

ISOPDOH CH,=C(CHs)CH(OH)CH,OH

HPALD1 OCHC(CH3)=CHCH;(OOH)

HPALD2 OCHCH=C(CHz)CH,(OOH)

MMAL 0O=CCH=C(CH3)C(=0)0

IHNE 0.57 0:NOCH,C(CH3)OCHCH,OH + 0.250,NOCH,C(CHs ) (OH)CHOCH, and isomers
C0 compounds

APIN Ci0His (sum of monoterpenes)

APINONO2 C10H16(OH)(ONO,)
Peroxy radicals

CH30- CH302

CH3COs3 CH3CO3

OCHCH»02 OCHCH:202

HOCH2CH202 HOCH2CH20-

GCO3 HOCH2COs3

Q02 HOCH,CH,05

ACETO2 CH3COCH20:

13
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Notation Chemical formula

MVKO2 0.75 CH3 COCH(0O2)CH2OH + 0.25 CH3 COCH(OH)CH204

MCO3 CH2=C(CH3)COs3

ISOPBO2 HOCH2C(CHs3)(O2)CH=CH.

ISOPDO?2 CH,=C(CHs)CH(O2)CH,OH

ISOPEO2 CHsC(=CH,)CH(OH)CH;04

DIHPCARP1 CH3C(OO)(CHO)CH(OOH)CH.OOH

DIHPCARP2 OCHCH(OO)C(CHs)(OOH)CH,OOH

IEPOXAO2  HOCH,C(OH)(CHs)CH(02)CHO

IEPOXBO2 HOCH2CH(OH)C(CH3)(02)CHO

C5902 HOCH,C(CHs)(02)C(O)CH,0OH

INBO2 0.85HOCH;CH(O2)C(CHs)(ONO2)CH2OH + 0.1502,CH, CH(OH)C(CHs) (ONO2)CH,OH

INDO2 HOCH>CH(ONO2)C(CHs)(02)CH2OH

INCO2 HOCH2CH(O2)C(OH)(CH3)CH20NO> and isomers

NISOPO2 0.450,CH, CH=C(CH3) CH,ONO; + 0.45 CHo=CHC(CHs)(O2)CH20NO2+
0.08502NOCH>CH=C(CH3)CH202 + 0.045 CH>=C(CH3)CH(O2)CH2ONO2

MBOO2 0.67 CH3C(OH)(CH3)CH(O2)CH20OH + 0.33 CH3C(OH)(CH3)CH(OH)CH20-

APINOHO2 peroxy radical fromAPIN + OH

APINO302 peroxy radical fromAPIN 4 O3

14
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Table2. Chemical reaction mechanism and kinetic rates. Rebt{—11) as2.14-10™*'; KRO2NO=2.7(—12) exp(350/7'); T=temperature
(K); [M] is air density (molec.cm®); YA is the pressure- and temperature- dependent nitrate yimiad Arey et al. (2001), where is

carbon number; units for*i-, 2*?- and 3-order reactions are’s, cn’molec's™! and cnimolec2s™! respectively. Three-body re-

ko[M]  po{1+[log10(ko[M]/oo)*}
T¥ko[M]/koo * €

with k; the forward reaction rate anll., the equilibrium constanReferences: 1, MCM (Saunders et al., 2003; Jenkin et al., 2015); 2,
Nguyen et al. (2016); 3, Wennberg et al. (2018); 4, Liu et201Q3); 5, Peeters and Mller (2010); 6, Capouet et al. (2008tkinson et al.
(2006); 8, Peeters etal. (2014); 9, St. Clair et al. (2016); ’'Ambro et al. (2017); 11, Lee et al. (2014); 12, Jacobd.e(2014); 13,
Paulot et al. (2009b); 14, Bates et al. (2016); 15, Schwagttak (2015); 16, Xiong et al. (2016); 17, Crounse et al. 22018, Gross et al.
(2014); 19, Burkholder et al. (2015); 20, Nguyen et al. (2)121, Galloway et al. (2011); 22, Praske et al. (2015); 2Bedal. (2013);
24, Baeza-Romero et al. (2007); 25, Magneron et al. (200&)Taraborrelli et al. (2012); 27, So et al. (2014); 28, Asgadl. (2016); 29,
Assaf et al. (2018); 30, Mdller et al. (2016); 31, Allen et(@018); 32, Chan et al. (2009).

1
action rates are calculated with= . Rates for equilibrium reactions calculatedfas- k¢ /Kcq,

Reaction Rate Ref. Note

Cs compounds

ISOP 4 OH — 0.586 ISOPBO2 + 0.3441SOPDO2 4 0.02ISOPEO2 2.7(—11) exp(360/T) N1
+0.10HO5 4 0.05 ACETO2 + 0.05 HCHO +0.05 CO»

ISOP + NO3 — NISOPO2 3.15(—12) exp(—450/7T)

ISOP + O3 — 0.41MACR + 0.17MVK + 0.86 HCHO +0.03MCOOH  1.03(—14) exp(—1995/7T) 2 N2

40.3C0O2 +0.3HO2 4+ 0.1CH302 4+ 0.24CO + 0.05 CH3CO3
+0.140H+ 0.58 (0.55 HMHP + 0.4 HCHO + 0.4 H2 02
+0.05HCOOH)

ISOPBO2 + NO — MVK + HCHO + HO3 + NO» KRO2NO- (1 — Y™ . 1.35) 1,3 N3
ISOPBO2 + NO — ISOPBNO3 KRO2NO- Y. 1.35 1,3 N3
ISOPBO2 + NO3 — MVK + HCHO + HO; 4+ NO, 2.3(—12) 1
ISOPBO2 + HO5 — 0.937ISOPBOOH + 0.063 OH 2.1(—13) exp(1300/T) 1,34
+0.063 MVK + 0.063 HCHO + 0.063HO
ISOPBO2 + ISOPBO2 — 2MVK + 2HCHO + 2HO, 7.0(—14)
ISOPBO2 + ISOPDO2 — 0.7MVK + 1.4HCHO + 1.4HO 1.3(—12)
+0.3ISOPBOH + 0.7MACR + 0.3HCOC5
ISOPBO2 + CH305 — 0.7MVK + 1.7HCHO + 0.7HO, 8.0(—13) 5
+0.3ISOPBOH
ISOPBO2 + CH3CO3 — MVK + HCHO + HO; + CH505 4 CO5 1.8(—12) exp(500/7) 6,7
ISOPBO2 — 0.25HPALD1 + 0.25HO, + 0.75 DIHPMEK 3.409(+12) exp(—10698,/7T) 83 N4
+0.750H 4 0.75CO +2.89(—15) exp(414/T) - [NO]

+2.26(—16) exp(1364/T) - [HO4]
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Reaction Rate Ref. Note
ISOPBO2 — MVK + HCHO + OH 1.04(+11) exp(—9746/T) 8
ISOPBOOH + OH — 0.855IEPOX + 0.145 DHHEPOX + OH 1.7(—=11) exp(390/T) 9,3,10 N5
ISOPBOOH + OH — 0.75ISOPBO2 + 0.2HCOOH + 0.3HO2 4.6(—12)exp(200/T) 9,3 N6
+0.06HCHO + 0.050H + 0.25 MVK
ISOPDO2+ NO — MACR + HCHO + HO2 + NO2 KRO2NO- (1 — Y5Arey -1.23) 1,3 N3
ISOPDO2+ NO — ISOPDNO3 KRO2NO- Y5Arey -1.23 1,3 N3
ISOPDO2+ NO3 — MACR + HCHO + HO2 + NO» 2.3(—12) 1
ISOPDO2+ HO2 — 0.937ISOPDOOH + 0.063 OH 2.1(—13) exp(1300/T) 1,3
+0.063 MACR + 0.063HCHO + 0.063 HO2
ISOPDO2+ISOPDO2 — MACR + HCHO + HO» 6.0(—12) 5
+0.5HCOC5 + 0.5ISOPDOH
ISOPDO2+ CH30_0.5MACR + 1.25HCHO + HO» 2.9(—12) 5
+0.25ISOPDOH + 0.25 HCOC5 + 0.25 CH; OH
ISOPDO2+ CH3CO3 — 0.9MACR + 0.9HCHO + 0.9HO» 2.0(—12) exp(500/T) 6,7
+0.9CH302 +0.9CO2 + 0.1 CH3COOH + 0.1 HCOC5
ISOPDO2 — 0.25 HPALD2 + 0.25 HO2 + 0.75 DTHPCHO 4.253(+8) exp(—7254/T) 8,3 N4
+0.750H +0.75CO +6.29(—19) exp(4012/T') - [NO]
+4.90(—20) exp(4012/T) - [HO2]
ISOPDO2 — MACR + HCHO + OH 1.88(+11) exp(—9752/T) 8
ISOPDOOH + OH — 0.855IEPOX + 0.145 DHHEPOX + OH 3.0(—11)exp(390/T) 9,3,10 N5
ISOPDOOH + OH — 0.6ISOPDO2 + 0.32HCOOH + 0.48 HO-» 4.1(—12) exp(200/T) 9,3 N7
+0.08HCHO + 0.08 OH + 0.4 MACR
ISOPEO2 + NO — MACR + HO2 + HCHO + NOo KRO2NO- (1 — Y5Arey -1.23) 1,3 N3
ISOPEO2+ NO — ISOPENO3 KRO2NO- Y5Arey -1.23 1,3 N3
ISOPEO2 + HO2 — ISOPEOOH 2.1(—13) exp(1300/T") 1,3
ISOPEO2 4 ISOPBO2 — 0.7TMVK + 1.4HCHO + 1.4HO» 1.2(—12) 5
+0.3ISOPBOH + 0.7TMACR + 0.3HCOC5
ISOPEO2+ ISOPDO2 — MACR + HCHO + HO2 4+ 0.5 HCOC5 1.1(—11) 5
+0.5ISOPDOH
ISOPEO2 + ISOPEO2 — MACR + HCHO + HOq 5.0(—12) 5
+0.5HCOC5 + 0.5ISOPDOH
ISOPEOOH + OH — 0.83HYAC 4 0.83GLY 4+ 0.17MACR +HO>  1.0(—10) 1 N8
ISOPENO3+ OH — HYAC+ ETHLN + HO» 6.0(—11) 1,11 N8
ISOPBNO3 + OH — 0.85INBO2 + 0.15IEPOX + 0.15NO 8.4(—12)exp(390/T) 1,3

16
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Reaction Rate Ref. Note

INBO2 4+ NO — HNO; KRO2NO- Y/ . 1.73 1 N9

INBO2 +NO — 1.85NO2 + 0.85 GLYALD + 0.85 HYAC KRO2NO- (1 —Y2'®).1.73 1,133 N10
+0.15MACRNO3 + 0.15HO> + 0.15HCHO

INBO2+ NO3 — 1.85NO2 4 0.85 GLYALD + 0.85 HYAC 2.3(—12) 1 N10
+0.15MACRNO3 + 0.85HO2 + 0.15HCHO

INBO2 + HO2 — HNO3 2.5(—13)exp(1300/T) 1,3 N11

ISOPDNO3 + OH — 0.85INDO2 + 0.15IEPOX + 0.15NO2 3.9(—11) 1,3

INDO2 +NO — HNO3 KRO2NO- Y. 1.73 1,3 N12

INDO2+ NO — HCHO +HO2 + MVKNO3 +NO; KRO2NO- (1 —Y2'".1.73) 1,3,11,12 N12

INDO2 +NO3 — HCHO + HO2 + MVKNO3 + NO2 2.3(—12) 1

INDO2 + HOz — 0.39INDOOH + 0.65 HCHO + 0.65 HO> 2.5(—13) exp(1300/T") 1,3
+0.65 MVKNO3

INDOOH + OH — 0.39INDO2 + 1.22HO> 4 0.61 CO 9.2(—12) 1 N13
+0.61MVKNO3 + 0.61 OH

IEPOX + OH — 0.19ICHE + 0.58 IEPOXAO2 + 0.23IEPOXBO2  4.4(—11) exp(—400,/T) 3 N14

ICHE + OH — 0.280H + 1.28 CO + 0.28 HYAC + 0.72MVKOOH  1.5(—11) N15

ICHE + OH — CO + HO2 + 0.28 HPDIAL + 0.72 HPKETAL 2.0(—11) N16

IEPOXAO2 — DHBO + OH + CO 1.0(7) exp(—5000/T") N17

IEPOXAO2 — CO +2.5H02 + 1.50H + 0.5 HOBA 1.875(13) exp(—10000/T") N18
+0.5HPDIAL

TEPOXAO2+ NO — NO2 + HO2 + 0.8 MGLY + 0.8 GLYALD KRO2NO 1,3
+0.2DHBO +0.2CO

IEPOXAO2+ HO2 — OH + HO2 + 0.8 MGLY + 0.8 GLYALD 1.6(—13) exp(1300/T) 3 N19
+0.2DHBO +0.2CO

IEPOXAO2 + HO2 — CO +HO2 + OH + DHBO 0.8(—13) exp(1300/T) N20

IEPOXBO2 — MACROH + OH + CO 1.0(7) exp(—5000/T") N17

IEPOXBO2 — 1.5CO + 3HO2 + 0.5 MGLY + 0.5 HPKETAL 1.875(13) exp(—10000/T") N21

I[EPOXBO2+ NO — NO2 + HO2 + 0.8 GLY + 0.8 HYAC KRO2NO 1,3
+0.2MACROH +0.2CO

IEPOXBO2 + HO3 rightarrowOH + HO2 + 0.8 GLY + 0.8 HYAC  1.6(—13)exp(1300/T) 3 N19
+0.2MACROH +0.2CO

IEPOXBO2+ HO2 — CO + HO; + OH + MACROH 0.8(—13) exp(1300/T) N22

HCOC5 + OH — C5902 3.81(—11)

C5902+NO — HYAC + GCO3 +NO- KRO2NO 1

17
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Reaction Rate Ref. Note
5902 4+ NO3 — HYAC+ GCO3 + NO2 2.3(—12) 1
C5902 +HO2 — HYAC + GCO3 + OH 2.4(—13)exp(1300/T) 1,3 N23
C5902 4+ CH302 — HYAC + GCO3 + HCHO + HO» 9.2(—14) 1
C5902 4 CH3CO3 — HYAC + GCO3 4 CO2 + CH302 1.8(—12) exp(500/T) 6,7
ISOPBOH + OH — DHBO + CO 3.85(—11) 10 N24
ISOPDOH + OH — 0.9DHBO 4+ 0.9CO 4+ 0.1HCOC5 + 0.1 HO2 7.38(—11) 10 N24
HPALDI1+ OH — 0.450H + 1.35CO2 + 0.55 HCHO + 0.65 CH3CO3  1.0(—11) 53 N25
+0.2MMAL + 0.15MGLY +0.15CO + 0.1 GLY
HPALD1+ OH — MVK+ OH+0.5C0O +0.5CO2 0.5(—11) 53 N25
HPALD1+ OH — MVK + OH + CO2 1.5(—11) 53 N25
HPALD1+ OH — MVKOOH + OH + CO 1.4(—11) 53 N25
HPALDI1+ OH — ICHE 0.8(—11) 5,3 N25
HPALD1+ O3 — 0.35 MGLY + 0.27GLY + 1.190H + 0.65CO 2.4(—17) 1
+0.65 CH3CO3 4 0.08 H2O2 + 0.73HPAC
HPALD2+ OH — 0.450H + 1.35CO2 + 0.55 HCHO + 0.65 CH3CO3  1.0(—11) 53 N26
+0.2MMAL + 0.15MGLY +0.15CO + 0.1 GLY
HPALD2+ OH — MACR +OH+ 0.5C0O 4 0.5CO> 0.5(—11) 53 N25
HPALD2+ OH — MACR + OH + CO2 1.5(—11) 53 N25
HPALD2+ OH — OH+2CO +2HO2 + HPACET 0.8(—11) 53 N26
HPALD2+ OH — ICHE 1.4(—-11) 53 N26
HPALD2+ O3 — 0.27THPACET + 1.70H + 0.24HO» 2.4(-17) 1
+0.48CO 4+ 0.73MGLY +0.74GLY + 0.020CHCOOH
MMAL + OH — MGLY + HO2 +2CO2 1.5(—12) 1 N27
DIHPMEK + OH — 20H 4 CH3CO3 + CO + HCHO 1.63(—11) 1 N28
DIHPMEK + OH — OH + HPKETAL 1.28(—11)
HPKETAL + OH — 0.6 0OH + CO + 0.6 MGLY 3.0(—11) N29
+0.4CH3CO3 + 0.4HO2
DIHPCHO + OH — OH 4 CO + HPACET 2.6(—11)
DIHPCHO + OH — OH + HPDIAL 1.2(—11)
HPDIAL + OH — OH 4 CO + MGLY 3.0(—11) N30
NISOPO2+ NO — 1.82NO2 +0.42MVK + 0.04 MACR KRO2NO 1,153 N31
+1.54HCHO + 0.18NC4CHO + 0.9HO2 + 0.72CO
NISOPO2+ NO3 — 1.82NO3 + 0.42MVK + 0.04 MACR 2.3(—12) 1,15,3

+1.54HCHO + 0.18NC4CHO + 0.9HO2 +0.72CO

18



Geosci. Model Dev. Discuss., https://doi.org/10.5194/gmd-2018-316
Manuscript under review for journal Geosci. Model Dev.

Discussion started: 19 December 2018

(© Author(s) 2018. CC BY 4.0 License.

Reaction Rate Ref. Note

NISOPO2+ HO2 — 0.535 NISOPOOHD + 0.22NISOPOOHB 2.5(—13) exp(1300/T) 1,153
+0.2450H + 0.245N0O2 + 0.225 MVK + 0.02MACR + 0.245 HCHO

NISOPO2 + NISOPO2 — 0.17TMVK + 0.11 MACR + 0.7HCHO 3.5(—12) 15,3 N32
40.42N0O2 + 0.78NC4CHO + 0.36 HO2 + 0.28 CO
+0.7ISOPCNO3 4 0.1ISOPDNO3

NISOPO2+ CH302 — 0.08 MVK + 0.06 MACR 4 0.95HCHO 2.2(—12) 15,3 N32
40.21NO2 + 0.39NC4CHO + 0.38 HO2 + 0.14CO
+0.4CH30H + 0.35ISOPCNO3 + 0.05ISOPDNO3

NISOPO2+ CH3CO3 — 0.38 MVK + 0.05 MACR + 1.39HCHO 2.0(—12) exp(500/T) 15,3 N32
+0.75NO2 + 0.25 NC4CHO + 0.81 HO2 4+ 0.64 CO 4+ 0.9 CH302
+0.9C0O2 4+ 0.1 CH3COOH

NISOPO2+ISOPBO2 — 0.71MVK + 0.08 MACR + 1.33HCHO 1.0(—12) 15,3 N32
+0.47NO2 + 0.53NC4CHO + 0.95HO2 4 0.36 CO + 0.5ISOPBOH

NISOPO2+ISOPDO2 — 0.08 MVK + 0.26 MACR + 0.55 HCHO 9.2(—12) 15,3 N32
+0.21NO2 + 0.39NC4CHO + 0.38HO2 4 0.14 CO + 0.4ISOPDOH
+0.35ISOPCNO3 + 0.05ISOPDNO3 + 0.4HCOC5

NISOPOOHD + OH — NISOPO2 3.4(—12) exp(200/T) N33

NISOPOOHD + OH — OH + NC4CHO 7.5(—12)exp(20/T) N33

NISOPOOHD + OH — 0.19CO 4 0.95HO2 + 0.430H + 0.69NOA 2.37(—11)exp(390/T) N34
+0.19HCHO 4 0.5 HPAC + 0.07THPACET + 0.07 ETHLN
+0.24THNE

NISOPOOHD + O3 — 0.20H + 0.87NOA 1.3(—17) 15 N35
+0.13HPACET + 0.84 HPAC 4 0.16 ETHLN

NISOPOOHB + OH — NISOPO2 3.4(—12)exp(200/T) N36

NISOPOOHB + OH — 0.23 GLYALD 4 0.47TNOA + 0.760H 4 0.09CO  8.72(—12)exp(390/T) N37
+0.33HO2 + 0.09HCHO + 0.15HPAC + 0.04 HYAC
+0.04ETHLN + 0.51 THNE

IHNE + OH — 0.23HMVK + 0.03HMAC + 0.82HCHO + 0.8 N O3 3.22(—11)exp(—400/T) 3 N38
+0.8CO 4+ 0.17NOA + 0.45MGLY +0.72HO2 + 0.38 OH
+0.03MVKNO3 + 0.09HYAC + 0.09CO2

NC4CHO + OH — 0.45CO2 +1.08 CO + 0.85HO2 + 0.58 NOA + 0.50H  4.1(—11) 15,3 N39
+0.12HCHO 4+ 0.12MGLY + 0.17NO2 + 0.11 MVKNO3
+0.05ICHE 4 0.14 CH3CO3 + 0.14 ETHLN

NC4CHO 4+ NO3 — HNO3 + CO2 + 0.75NOA + 0.75CO + 0.75HO- 6.0(—12)exp(—1860/7) 1,3 N39
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+0.25CH3CO3 4+ 0.25 ETHLN

NC4CHO 4 O3 — 0.555 NOA 4+ 0.89 CO + 0.89 OH + 0.445 MGLY 4.4(—18) 1
+0.445HO2 + 0.075H202 4 0.445NO2 + 0.52 GLY
+0.035 OCHCOOH

ISOPCNO3 + O3 — 0.555 NOA + 0.52 GLYALD + 0.07 C2Hs COOH 2.8(—17) 1,11

+0.075H202 +0.89 OH + 0.445NO2 + 0.445 MGLY
+0.445H0O2 4 0.445CO + 0.445HCHO

ISOPCNO3 + OH — 1.20H + 1.1CO + 0.9HO: + 0.5NOA 7.5(—12) exp(20/T) 3 N40
+0.1CH3CO3 4+ 0.1 ETHLN 4 0.4NC4CHO

ISOPCNO3 + OH — INCO2 2.2(—11)exp(390/T) 3 N41

INCO2 — HO2 4+ 2CO + 3HO2 + OH + NOA 1.14(13) exp(—10000/7) 3 N42

INCO2+ NO — INCNO3 KRO2NO- Y5Arey -1.4 1

INCO2+NO — NOz +HO2 + 0.79NOA + 0.79 GLYALD + 0.07HCHO KRO2NO- (1 — YEArey -14) 3 N41
+0.05 MACRNO3 4+ 0.14HYAC + 0.14 ETHLN + 0.02MVKNO3

INCO2+ NO3 — NO2 + HO2 + 0.79NOA + 0.79 GLYALD + 0.07THCHO 2.3(—12) 1 N41
+0.05 MACRNO3 4+ 0.14HYAC + 0.14 ETHLN + 0.02MVKNO3

INCO2+HO2 — 0.32INCCO +0.11INCO2 + 0.46 NOA + 0.46 GLYALD  2.5(—13) exp(1300/T") 3 N43
+0.03MACRNO3 4 0.04 HCHO + 0.57HO2 + 0.46 OH + 0.07THYAC
+0.07ETHLN + 0.0l MVKNO3

INCCO 4+ OH — HCHO + 3HO2 + CH3CO3 + 2CO 4+ NO2 3.3(—12) 1 N44

INCNO3 + OH — 0.445INCCO + 0.414 GLY + 0.414HO2 1.98(—12) 1 N45
+0.555 NOA + 0.141 GLYALD + NO

C4 compounds

MACR 4 OH — CO + 0.036 HPACET + 0.036 HO2 + 0.964 HYAC 4.4(—12) exp(380/T) 3 N46
+0.964 OH

MACR + OH — MCO3 2.7(—12) exp(470/T) 3

MACR + O3 — 0.9MCLY +0.12HCHO + 0.1CO +0.10H 1.4(—15) exp(—2100/T) N2
+0.1CH3CO3 + 0.88 (0.55 HMHP + 0.4 HCHO + 0.4 H202
+0.05HCOOH)

MACR +NO3 — MCO3 + HNO3 3.4(—15) 1

MCO3 4+ NO — COs +0.65 CH302 4 0.65 CO + 0.35 CH3CO3 8.70(—12) exp(290/T) 1
+HCHO + NO2

MCO3 4+ NO3z — CO2 +0.65CH302 + 0.65CO + 0.35 CH3 CO3 4.0(—12) 1

+HCHO + NO2
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MCO3 +HO> — MCO3H 2.43(—13)exp(980/T) 1,18
MCO3 +HO2 — MCOOH + O3 1.25(—13) exp(980/T) 1,18
MCO3 +HO> — CO2 +0.65 CH302 + 0.65 CO +0.35 CH3CO3 4.15(—13) exp(980/T) 1,18
+HCHO + OH
MCO3 + CHs02 — 0.585 CH3 02 + 0.585 CO + 0.315 CHsCO3 2.0(—12) exp(500/T) 1,6,7
+1.9HCHO + 0.9HO2 + 0.9CO2 + 0.1 MCOOH
MCO3 + CH3CO3 — 1.65CH302 + 0.65CO + 0.35 CH3CO3 5.4(—12) exp(500/T) 1,6,7
+HCHO +2CO-
MCO3 +ISOPBO2 — 0.65 CH3 02 + 0.65 CO + 0.35 CH3COs3 1.8(—12) exp(500/T) 1,6,7
+2HCHO + MVK + HO» + CO»
MCO3 +ISOPDO2 — 0.585 CH302 4 0.585CO + 0.315CH3CO3  2.0(—12) exp(500/T) 1,6,7
+1.8HCHO + 0.9MACR 4 0.9HO> +0.9CO»
+0.1MCOOH + 0.1 HCOC5
MCO3 +NO> — MPAN ko = 9.7(—29)(300/T)%° 19
koo = 9.3(—12)(300/T)*"
F.=06
MPAN — MCO3 + NO» Keq = 9.0(—29) exp(14000/T) 19
MPAN + OH — HYAC + CO + NO3 7.5(—12) 20
MPAN + OH — HMML + NO3 2.25(—11) 20
MPAN 4 O3 — HCHO + CH3CO3 + NO3 4+ CO2 8.2(—18) 1
MCO3H + OH — MCO3 3.6(—12) 1
MCOS3H + OH — 0.83HYAC +0.83CO + 0.17HMML + OH 1.3(—11) 1
MCOOH + OH — CO2 + 0.65 CH302 + 0.65CO 1.51(—11) 1
+0.35CH3CO3 + HCHO
HMML + OH — CO2 4+ 0.7MGLY + 0.7 OH 4.33(—12) 1
+0.3CH3CO3 + 0.3HCOOH
MVK + OH — MVKO2 2.6(—12) exp(610/T) 1
MVK + O3 — 0.28 CH3CO3 + 0.545 MGLY 4 0.1HO» 8.5(—16) exp(—1520/T) N2
+0.18CO 4+ 0.18 OH + 0.6 HCHO + 0.1 CH3CHO + 0.1 CO2
+0.045H205 + 0.075 PYRA
+0.5 (0.55 HMHP + 0.4HCHO 4 0.4H20> +0.05 HCOOH)
MVKO2 + N — 0.28 MGLY + 0.28 HCHO + 0.28 HO» KRO2NO- (1 — Y} .0.61) 1,21,22 N47
+0.72GLYALD +0.72 CH5CO3s + NO»
MVKO2+ NO — MVKNO3 KRO2NO- Y, . 0.61 22
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MVKO2+NO3z — 0.28 MGLY + 0.28HCHO + 0.28HO» 2.3(—12) 1 N47
+0.72GLYALD + 0.72CH3CO3 + NO2
MVKO2 +HO3 — 0.35 GLYALD + 0.35 CH3CO3 + 0.52 OH 2.1(—13) exp(1300/T) 223  N47
+0.174HO2 4+ 0.48 MVKOOH + 0.13BIACETOH
+0.04MGLY + 0.04HCHO
MVKO2+ CH302 — 0.14 MGLY + 0.36 GLYALD 1.16(—12) 1 N47
4+0.36 CH3CO3 4+ 0.89 HCHO + 0.64 HO2 + 0.25 DHBO
+0.18 BIACETOH + 0.07THOBA + 0.25 CH3OH
MVKO2 4 CH3CO3 — 0.25 MGLY + 0.65 GLYALD 2.0(—12) exp(500/T) 1,6,7
40.65CH3CO3 4+ 0.25 HCHO + 0.25HO2 + 0.9CH30-
+0.9C0O2 4+ 0.1CH3COOH + 0.1 DHBO
MVKOOH + OH — 0.55 BIACETOH + 0.55 OH + 0.45 HOBA 4.5(—11) N48
MACRNO3+ OH — 0.5HYAC+ 0.5 MGLY + 0.5HO2 + 0.5CO  3.0(—12) N49
+0.5C0O2 + NO>
MVKNO3+ OH — 0.5BIACETOH + 0.4 GLY + 0.4 CH3COs3 1.76(—12) 1 N50
+0.1MGLY 4 0.1CO2 +0.5HO2 + NO2>
MVKNO3+ OH — HOBA 4 NO» 0.44(—12) 1 N50
HOBA + OH — 0.84 MGLY + HO2 +0.16 CH3CO3 4+ 0.32CO 2.45(—11) 1,14 N51
HOBA + NO3 — HNO3 + MGLY + HO» 5.6(—12) exp(—1860,/T) 1
DHBO + OH — 0.61 BIACETOH + 0.39 HOBA 8.7(—12) exp(70/T) 14
MACROH + OH — HO3 4 0.84 HYAC 4 0.84 OH + 0.84 CO 2.4(—11)exp(70/T) 3 N52
—0.160H +0.16 MGLY 4 0.16 HO2 4+ 0.16 CO>
BIACETOH + OH — CH3CO3 +2CO + HO» 2.69(—12) 14
HMVK + OH — HCOOH + OH + MGLY 6.0(—11) N53
HMVK + OH — HO2 + HOBA 2.4(—11) N53
HMAC + OH — 0.5 HCOOH + 0.50H + 0.5 MGLY 3.0(—11) N54
+0.5CO+0.50H+0.5DHA
HMAC + OH — 0.89CO + 1.34 OH 4 0.78 CH3CO3 2.7(—11) N55
+0.89CO2 + 0.44HO2 + 0.22 MGLY
Cs compounds
CH3COCH3 + OH — ACETO2 1.33(—13) + 3.82(—11)exp(—2000/7) 1
HPACET + OH — MGLY + OH 8.39(—12) 1
HPACET 4 OH — ACETO2 1.9(—12) exp(190/T) 1
ACETO2 +NO — NO; + HCHO 4 CH3CO3 KRO2NO- (1 — Y2 .0.4) 1
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ACETO2 +NO — NOA KRO2NO- Y. 0.4 1 N56
ACETO2 + NO3 — NO> + HCHO + CH5CO3 2.3(—12) 1
ACETO2 + HO2 — 0.85HPACET 8.6(—13) exp(700/T) 1,19
+0.15HCHO +0.15CH3CO3
ACETO2 + CH302 — 0.3CH3CO3 + 0.8 HCHO + 0.3HO2 3.8(—12) 7
+0.2HYAC + 0.5 MGLY +0.5CH3OH
ACETO2 4 CH3CO3 — CH3COOH + MGLY 2.5(—12) 7
ACETO2 4 CH3CO3 — CH302 4 CO»2 + CH3CO3 + HCHO 2.5(—12) 7
ACETO2 + ACETO2 — HYAC + MGLY 3.0(—12) 7
ACETO2+ ACETO2 — 2CH3CO3 + 2HCHO 5.0(—12) 7
HYAC+ OH — MGLY + HO» 1.46(—13) exp(1100/T) - (T/300)*¢ 1,23
MGLY 4 OH — 0.6 CHsCOs + 0.4CH302 + 1.4CO + H,0 1.9(—12) exp(575/T) 1,24
MGLY + NO3 — HNO;3 + CO + CH5CO3 3.36(—12) exp(—1860,/T) 1
NOA + OH — MGLY + NO. 6.7(—13) 1
MVA + OH — 0.5CH3;COOH + 0.5 HCHO + 0.5 0H 9.0(—11) N57
+0.5HYAC 4 0.5HO>
DHA + OH — 1.39HO> + 0.48 CH3CHO + 0.87CO2 8.0(—12) exp(70/T) 3,19 N58
+0.44 CH3CO3 + 0.08 CH3 COOH +0.13CO + 0.05 OH
C, compounds
GLYALD + OH — 0.78 GCO3 + 0.22GLY +0.22HO> 1.0(—11) 1,25
GCO3+ NO — NOz + HO; + HCHO + CO» 6.7(—12) exp(340/T) 1
GCO3 + HO2 — 0.21 GCO3H + 0.04 GCOOH +0.04 O3 7.84(—13) exp(980/T") 1,17,26
+0.75HO2 + 0.75 HCHO 4 0.75 OH 4 0.75 CO-
GCO3+ CH302 — 1.9HCHO 4 1.8HO2 + 0.1 GCOOH +0.9CO>  1.8(—12)exp(500/7) 1,6,7
GCO3 + CH3CO3 — CH302 + HO2 + HCHO +2CO» 5.4(—12) exp(500/T") 1,6,7
GCO3 +NO2 — GPAN ko = 9.7(—29)(300/T)5° 1,19
koo =9.3(—12)(300/T)*®
F.=0.6
GPAN — GCO3+ NO- Keq = 9.0(—29) exp(14000,/T) 1,19
GPAN + OH — HCHO + CO + NO» 1.12(—12) 1
GCO3H + OH — GCO3 6.19(—12) 1
GLY + OH — 0.72HO2 + 0.28 OH + 1.55CO + 0.45CO> 3.1(—12) exp(340/T) 1 N59
GLY 4+ NO3 — HNOs +0.72HO2 +0.28 0H + 1.55CO + 0.45CO2  1.4(—12exp(—1860/T") 1 N59
HPAC + OH — GLY 4+ OH 1.0(—11) 1 N60
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HPAC+ OH — 0.25CO +HCHO + OH 4 0.75CO2 1.8(—11) 1 N60
HPAC+ OH — OCHCH2O- 1.90(—12) exp(190/T) 1
C2H50H + OH — 0.95CH3CHO + 0.95HO2 4+ 0.05HOCH2CH202  3.0(—12)exp(20/T") 1
CH3CHO + OH — 0.95CH3CO3 + 0.05OCHCH202 4.7(—12) exp(345/T) 1
CH3CHO + NO3 — CH3CO3 + HNOs3 1.4(—12) exp(—1860/T) 1
OCHCH202 +NO — NO2 + HCHO + CO + HO2 KRO2NO 1
OCHCH202 +NO3 — NO2 + HCHO + CO + HO2 2.3(—12) 1
OCHCH203 + HO2 — HPAC 1.4(—13)exp(1300/T) 13
OCHCH203 + CH302 — 1.25HCHO + 0.5CO + HO2 2.0(—12) 15
+0.25GLY +0.25 CH3OH + 0.25 GLYALD
CH3CO3 4+ NO — NO3z + CH302 + CO2 7.5(—12) exp(290/T") 1
CH3CO3 + NO3 — NO3 + CH302 + CO2 4.0(-12) 1
CH3CO3+HO2 — 0.31PAA +0.16 CH; COOH + 0.16 O3 7.84(—13)exp(980/T") 1,18
+0.53CH302 + 0.530H + 0.53CO>
CH3CO3 + CH302 — HCHO +0.9HO2 + 0.9CH302 2.0(—12) exp(500/T") 6,7
+0.9CO2 + 0.1 CH3COOH
CH3CO3 + CH3CO3 — 2CH302 +2CO2 2.9(—12) exp(500/T") 6,7
CH3CO3 + NO2 — PAN ko = 9.7(—29)(300/T)5° 19
koo = 9.3(—12)(300/T)*®
F.=0.6
PAN — CH3CO3 + NO2 Keq =9.0(—29) exp(14000/T") 19
PAA 4+ OH — CH3CO3 3.7(—12) 1
CH3COOH + OH — CH302 + CO2 3.15(—14) exp(920/T") 1,19
ETHLN + OH — HCHO + NO3 + CO» 2.0(—12) 1 N61
VA +OH — 0.64HCOOH + 0.64 HCHO + 0.64 OH 6.8(—11) 27 N62
+0.36 GLYALD + 0.36 HO»
C, compounds
CH302 4+ NO — NO2 + HCHO + HO3 2.8(—12)exp(300/T") 19
CH302 +NO — CH30NO» 2.8(—12)exp(300/T) - Y{'®.0.018 19  N63
CH302 +NO3 — NO2 +HCHO + HO2 1.2(-12) 1
CH302 +HO2 — 0.9CH300H + 0.1HCHO 4.1(—13) exp(750/T) 19
CH302 4+ CH302 — 2HCHO + 2HO> 9.5(—14) exp(390/T") 19
/(140.04exp(1130/T))
CH302 + CH302 — HCHO + CH;0H 9.5(—14) exp(390/T") 19
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/(1+26.2exp(—1130/T))
CH302 + O3 — HCHO + HO2 2.9(—16) exp(—1000/T) 19
CH302 + OH — 0.92HCHO + 1.84HO2 + 0.08 CH3 OH 1.6(—10) - (1 — fstan) 28-30 N64
CH302 + OH — CH3000H 1.6(—10) - fstab 30 N64
CH3000H + OH — HCHO + HO2 2.2(—11) 30
CH3000H — 0.2CH30H 4 0.8 HCHO + 1.6 HO- 1.1(14)(T/300)3® exp(—12130/T) 30
CH3000H + (H20)2 — CH3OH 3.0(—15) exp(—2500/T) 30 N65
CH300H + OH — 0.3HCHO + 0.30H + 0.7 CH3 02 3.8(—12)exp(200/T) 19
CH30NO2 + OH — HCHO + NO2 8.0(—13)exp(—1000/T) 19
HMHP + OH — 0.45HCOOH + 0.45 OH 1.3(—12) exp(500/T) 3,31 N66
+0.55HCHO + 0.55HO>
CH30H + OH — HCHO + HO2 2.9(—12)exp(—345/T) 19 N67
HCHO + OH — CO + HO- 55(—12) exp(125/T) 19
HCHO + NO3s — CO +HO2 + HNO3 5.8(—16) 19
HCOOH + OH — CO2 + HO2 4.5(—13) 1
oxidation of monoterpenes
APIN + OH — APINOHO2 + 0.1HCOOH + 1.3HCHO 1.2(—11) exp(440/T) 1 N68
+CH3COCH3 4+ 0.2GLY + 0.056 MGLY
APIN + O3 — APINO302+ 0.150H + 0.1 HCOOH 8.05(—16) exp(—640/T) 1 N68
+1.3HCHO + 0.06 HMHP + CH3 COCH3s
+0.2GLY + 0.0 MGLY
APIN +NO3 — 0.74NO2 + 0.26 APINONO2 1.2(—12) exp(490/T) 1 N68
+1.3HCHO 4 CH3COCH3 + 0.2GLY + 0.05 MGLY
APINOHO2+ NO — 0.74NO2 + 0.26 APINONO2 KRO2NO 1 N69
APINOHO2+ NO3 — NO2 2.3(—12) 1
APINOHO2+ HO; — products 2.6(—13)exp(1300/T) 1
APINO302+ NO — 0.74NO2 + 0.26 APINONO2 KRO2NO 1 N69
APINO302+4 NO3 — NO» 2.3(—12) 1
APINO302 + HO, — products 2.6(—13)exp(1300/T) 1
APINONO2 + OH — NO2 4.5(—12) 1
MBO oxidation
MBO + OH — MBOO?2 8.1(—12) exp(610/T) 1
MBO + O3 — 0.308 HCHO + 0.992 CH3COCH3s + 1.31HO» 1.0(—17) 1 N70

+0.01CH3CHO + 0.89 CO2 + 0.168 HMHP + 0.64 CO
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MBOO2 + NO — MBONO3 KRO2NO- Y2 . 0.96 1,32 N71

MBOO2 + NO — 0.67 GLYALD + CH3COCH3 + HO» KRO2NO- (1 — Y2 .0.96) 1 N71
+0.33HCHO + 0.33CO2 +NO»

MBOO2 + NO3 — 0.67 GLYALD + CH3COCH; + HO- 2.3(—12) 1 N71
+0.33HCHO +0.33CO2 + NO>

MBOO2 + HO2 — 0.67CO + CH3COCH3 4+ 2HO2 + 1.33C0O2  2.3(—13) exp(1300/7T) 1,3 N72

MBONO3+ OH — NO2 +0.67CO + 0.33CO» 2.0(—12) 1 N73
+CH3COCH3 +2HO

2.8 Notesto Table?2

N1. Rate equal to 90% of evaluation (Burkholder et al., 2@@%ccount for isoprene—OH segregation (Pugh et al., 2@ES text for main
products. The minor addition channels (7%) include a hyglexoxy radical [SOPEQO2) as well as unsaturated carbonyls along vii®-.
The unsaturated carbonyls are replaced by their majordukidation products at highO according to MCM ACETO2 + HCHO +
HO2 + CO3).

N2. See text for details. The stabilized Criegee intermedi@H-OO0) is currently not a model compound; its production is repthby
the products of its main atmospheric sink, the reaction wigter dimer, namely.55 HMHP + 0.4 HCHO + 0.4H2O2 4+ 0.05 HCOOH
(Sheps et al., 2017).

N3. Y/'® denotes the pressure- and temperature- dependent niietiieirpm Arey et al. (2001), where is carbon number. The scaling
factor is adjusted to match laboratory-based estimatemat conditions, which is 14% and 13% for the 1,2- and 4,3+is0@ hydroxynitrate
(ISOPBNO3 and ISODNO3), respectively (Wennberg et al. 8201

N4. Bulk 1,6 isomerisation rate. See text for details.

N5. Addition channels (Wennberg et al., 2018). The non-IEKR@ducts observed by St. Clair et al. (2016) in presencNOf(HYAC,
GLYALD, HPAC, CH3CHO) as well as the dihydroxy dihydroperoxiddS QP (OOH)2) proposed to be a potentially significant compo-
nent of isoprene SOA in low-NOx conditions (Liu et al., 20H¢ assumed to have a negligible yield in most atmosphendittons due

to the proposed isomerisation of the peroxy radical fornmetthé reaction (D’Ambro et al., 2017). The further chemigifythe dihydroxy
hydroperoxy epoxide resulting from this isomerisatibfHEPOX, is not considered) HHEPOX is assumed to undergo heterogeneous

uptake and acid-catalyzed ring opening leading eventt@l8OA formation (D’Ambro et al., 2017).

N6. Abstraction of hydroperoxide-H (75%) and of hydroxyH (25%) (Wennberg et al., 2018). The latter leads to a ragicaposed
to undergo epoxide formation and OH expulsion (Wennberd; e2@18), which appears unlikely since the reaction is fiitsiently ac-
tivated because, as is well known, the majority of the exwtligty goes to the newly-forme@—OH bond. Instead(, addition fol-
lows, formingHO2 + O=CHC(CH3)(OOH)CH=CH,. The main fate of the unsaturated hydroperoxy aldehydeatoplsis to an enol,
HOCH=C(CH3)CH=CHx, (80%) or toHCO + OH + MVK (20%) (see Sect. 2.1.2). The enol reacts primarily)dy addition to the first
carbon, followed by a 1,5 H-shift toH + HCOOH + MVK.
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N7. Abstraction of hydroperoxide-H (60%) and of hydroxyH (40%), followed by similar reactions as f@sOPBOOH (see previous

note). Hydroperoxyx-H abstraction is neglected.
N8. Assume fast reaction of MCM product wiH, followed by fast reaction wittNO, neglecting side products.

N9. Dinitrate yield of 18% at room conditions, as f0f DO2 (see Note N12). Assume fast hydrolysis of the dinitrate énadfjueous aerosol
phase, as it bears a tertiary nitrate group. The hydrolysidyct (besidedINO3) is very soluble and can be assumed to remain in the

particulate phase.

N10.INBO2 is a mix of two peroxys (see Table 1). Assume 85% external &6l ihternalOH-addition toISOPBNO3. The 1,5 and 1,6
H-shifts in the dihydroxynitroxy peroxy radicals (e §OCH>C(CH3)(ONO2)CH(OO)CH2OH) suggested by Wennberg et al. (2018)
are neglected because their rates (equal to 0:65rsWennberg et al.) should be lowered due to 1) the influen¢keohitrate group, and 2)
H-bonding between hydroxy-H and peroxy group. Howeverr#te estimation is very uncertain, and the H-shifts couldipeificant.

N11. The hydroperoxide bears a tertiary nitrate group anchasl to undergo hydrolysis in the aerosol phase. The hyslsgtyoduct (besides

HNO3) is assumed to remain in the aerosol phase.

N12. Dinitrate yield of 18% at room conditions, consistenthwthe upper limit (18%) estimated by Lee et al. (2014). AsNiote N9,
assume fast hydrolysis of dinitrate. As fIdfBO2 (see above), the H-shifts in the peroxys (éIQ CH,C(O2)(CH3)CH(ONO2)CH;OH)
Wennberg et al. (2018) are neglected.

N13. The hydroperoxy aldehyd®&CHC(CHs ) (OOH)CH(ONO2)CH2OH or INDHPCHO in MCM) formed in the reaction is assumed
to photolyze rapidly té1CO + OH + CH3C(O)CH(ONO2)CH2OH.

N14. Thetrans andcis isomers are lumped, adopting theins:cis ratio of Bates et al. (2016). The epoxide-retaining prosiace lumped
into ICHE.

N15. Formyl-H abstraction from the carbonyl hydroxyepo(e.g.HOCHQC'ﬁ'C(CHg,)CHO and isomers) primarily formed from
IEPOX + OH. The isomer distribution follows Wennberg et al. (2018)abstraction is followed by concert&tiO elimination and ring
opening,02-addition leading taCH3C(O)CH(O2)CH2OH (for the major isomer) an@CHC(O2)(CHs)CH2OH (minor) which under-
goes a 1,4 aldehyde H-shift, €O + OH + HYAC.

N16. Hydroxylw-H abstraction from the carbonyl hydroxyepoxides (seeipts/note), followed by ring opening to give (for the main
isomer)OCHC(CHs)(0°)CH=CHOH, followed by 1,5 enolic-H shift an@.-addition to formOCHC(CHs)(OH)CH(O2)CHO. This

is followed by a fast 1,5 aldehydic-H shift and (for a largetphy CO elimination to give, afte0»-addition,CH3 C(O)CH(OOH)CHO +
HOs.

N17. The 1,4 H-shift flOCH>C(OH)(CH;)CH(0O2)CHO and its isomer is taken to be fast (0:5'sat 298 K), following Wennberg et al.
(2018).

N18. The 1,5 H-shift rHOCH>CH(OH)C(CHs)(02)CHO formsHO2 + O=CHC(OOH)(CH3)CH(OH)CHO assumed to photolyze
rapidly either toCHO + OH + CH3C(O)CH(OH)CHO (HOBA), or to CHO + HO2 + OCHC(OOH)(CH3)CHO (HPDIAL).

N19. Oxy radical channel (65%) (Wennberg et al., 2018).

N20. The hydroperoxide channel (35%) fords=CHC(OOH)(CH3)CH(OH)CH2OH, assumed to photolyze very rapidly BCO +
OH + CH3C(O)CH(OH)CH2OH.
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N21. The 1,5 H-shift rHOCH>C(OH)(CH3)CH(O2)CHO formsHO, + O=CHC(OH)(CH3)CH(OOH)CHO assuming to photolyze
rapidly either toCHO + OH + OCHC(CHs)(OH)CHO, or to CHO + HO» + CH3C(O)CH(OOH)CHO (HPKETAL). The hydroxy-
dialdehyde is assumed to react exclusively vitH, forming CO + MGLY + HO».

N22. The hydroperoxide channel (35%) forfdis=CHCH(OOH)C(OH)(CH3)CH2OH, assumed to photolyze very rapidly BCO +
OH + O=CHC(OH)(CH3)CH>OH.

N23. Neglect hydroperoxide channel, i.e. assume formatiamxy radical +OH. Note that if the hydroperoxide is formed, it is expected to

photolyze rapidly (Liu et al., 2018), for a large part to tlaene products as the oxy radical pathway.

N24. Based on D’Ambro et al. (2017), the mabH-addition channel forms a hydroxyperoxy of which the maite faa low-NO regions
should be reaction withlO-, followed by reaction of the hydroperoxide withH, forming HOCH>CH(OH)C(CH3)(OOH)CHO as
main product C7500H in MCM). Note that isomerisation of the hydroperoxy forms@&C7500H (along withHO;). C5700H is aa-
hydroperoxyaldehyde, assumed to photolyze rapidly (Lai.e2018) toHCO+OH+CH3C(O)CH(OH)CH,OH, therefore regenerating
OH andHO3.

N25. The branching ratios are from Peeters and Mdiller (20L0B¢ further mechanism mostly follows Wennberg et al. (30h8wever,
collisional deactivation of the radicaDCHC(CH3s)C° CH2(OOH)) formed in the minoOH-addition channel is neglected, since epoxide
formation should be largely dominant, as for the radicaifed by OH-addition tdSOPOOH, for which epoxide formation constitutes ca.
90% of the sink. The unsaturated dialdehyole CHC(CH3)=CHCH(O) (MBED) undergoes very fast photolysis and is replaced by its
oxidation products, as described in Sect. 2.1.3.

N26. Branching ratios from Peeters and Miller (2010), fartmechanism from Wennberg et al. (2018), except for théstatial stabili-
sation of the radical formed in the major addition channdijclv is neglected (see previous note). As above, the urgatudialdehyde
O=CHC(CH3)=CHCH(O) should photolyze rapidly to compounds replaced by theth&mreaction products. The hydroxyhydroperoxy
aldehydeHOOCH2C(CHs3)(OH)CH=O0 should photolyze rapidly to (and is therefore replacedb{)O + HO2 + CH3C(O)CH2OOH.

N27. The peroxy radical((Hs;C(O)CH(OH)C(0O)0O2) formed in the reaction is replaced by its further oxidatpoducts in presence of
NO.

N28. H-abstraction fron®’H group leads t&H3;C(O)C(O)CH2OOH which can be assumed to photolyze very rapidiptd + CH;CO3
+ HCHO + CO. H-abstraction of th€H, group yieldsCH; C(O)CH(OOH)CHO (HPKETAL).

N29. The acyl radical formed frof@H;C(O)CH(OOH)CHO through aldehydic H-abstraction can add to form an acylperoxy radical
which (upon reaction witiNO) leads toCO» + OH + MGLY. Note that the acyl radical can also decompos€® + OH + MGLY.
Abstraction of the hydroperoxidH is followed by a 1,4 H-shift of the peroxy radic@H;C(O)CH(O2)CHO to the same acyl radical as
above. H-abstraction from the carbon bearing@@H group (40% of reactivity) leads t0H; COCOCHO assumed to photolyze rapidly
to CH3CO + CO + HCO.

N30. The acyl radical formed fro® CHC(CHj3)(OOH)CHO can addO- to form an acylperoxy radical which (upon reaction wii®)
leads toCO» + OH + MGLY. Note that the acyl radical can also decompos€@+ OH + MGLY.

N31.NISOPO2 is a mix of several radicals (Schwantes et al., 2015; Wemgnékeal., 2018). The dinitrate formed in the reaction is igubr

as its further chemistry is unclear.
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N32. See text (Sect. 2.3). A higher self-reaction rate wasl oy Schwantes et al. (2015) in their kinetic modelling, thete is suggestion

that it might be overestimated (Schwantes et al., 2015).
N33. H-abstraction frorHOOCH,CH=C(CH3)CH2ONO3 and isomer.

N34. OH-addition totHOOCH>CH=C(CH3)CH2ONO., (for 84%) and isomer (16%). The mechanism follows Wennbegd.€2018),
except that 1) the 1,5-H shift in the perog, NOCH2C(O2)(CH3)CH(OH)CH2OH (and isomer) formed in the reaction is neglected, as
it should be slow due to stabilization by H-bonding betwdengeroxy and hydroxy groups, 2) epoxide formation (ca. 98layis neglected,
3) the minor pathways in the bimolecular reactions of therbygperoxy radicals (e.g. dinitrate formationRRO+NO and dihydroperoxide
formation inRO2+HO-, also the minor oxy decomposition channel proposed by Wengnét al.) are neglected since their yields are small
and uncertain, 4) the peroxys are replaced by the produdtseofreactions withNO or HO-, and 5) the nitroxy hydroperoxy aldehyde
OCH-C(CHs)(OOH)CH20ONO:z is assumed to photolyze rapidly (Liu et al., 2018YXHO + OH + CH3C(O)CH2ONOs.

N35. The minor products C3CNO2 and C3CPO2 are replaced hyressfurther oxidation produciN(OA). The nitrooxy hydroperoxy
epoxide (IHPE) formed in the reaction (Schwantes et al.52@lneglected and the other yields are increased for cdralamce.

N36. H-abstraction fronH.=CHC(CH3)(OOH)CH2ONO; and isomer.

N37. OH-addition toCH,=CHC(CH3)(OOH)CH2ONO- and isomer. The mechanism follows Wennberg et al. (2018) simplica-
tions similar to the case of th&hydroperoxynitrates (see Note N34). The peroxy rad@aNOCH.C(CH3)(OOH)CH(OH)CH20,
(INPHO23 in Schwantes et al. (2015)) is assumed to react fastMdhor NOs, leading toO>:NOCH2C(CHj3)(OOH)CHO (C4CPNA in
Schwantes et al.) assumed to photolyze rapidly (Liu et @L82toCHO + OH + NOA.

N38. IHNE is a mix of two3- and twod-nitroxy hydroxyepoxides. The mechanism follows Wennkedrgl. (2018). The peroxy radi-
cals Oo:NOCH2C(OH)(CH3)C(O)CH202 and HOCH2C(O2)(CH3)CH2ONO- formed from thes-THNE are replaced by the prod-
ucts of their reaction witiNO, neglecting dinitrate formation and minor oxy decompesitproducts. The radicad=C°CH2ONO
formed in these reactions ad@s, forming an acylperoxy radical replaced by its further teacproduct in presence dfO, i.e. CO2

+ HCHO + NO3. The peroxyO:NOC(OH)(CH3)CH(O2)CHO undergoes a fast 1,4 H-shift outrunning bimolecular reasti forming
CO + OH + O2NOCH2C(OH)(CH3)CHO, which is assumed to photolyze rapidly X0, + HCHO + MGLY + HO» (Mdller et al.,
2014). The carbonyl nitroxyepoxide$({NE in Wennberg et al.) are assumed to react witH, following the Caltech reduced mecha-
nism:ICNE + OH — 2CO + 0.35NOA + 0.65MGLY + 0.65HO; + 0.65NO3. The peroxysD:NOCH,C(OH)(CH3)CH(O2)CHO
and OCHC(O2)(CHs)CH(OH)CH20ONO., formed from thed-IHNE undergo fast H-shift reactions outrunning the bimolecuésac-
tions, formingCO + OH + eitherO>.NOC(OH)(CHj3)CH(O2)CHO (in the first case) o€H3C(O)CH(OH)CH>ONO- (second case)
(Wennberg et al., 2018).

N39. TheOH-reaction rate was measured by Xiong et al. (2016 6fHC(CH3)=CHCH2ONO.. The yields account for ti§C4CHO
isomer distribution estimated by Schwantes et al. (2015%¢.OH-reaction essentially follows Wennberg et al. (20A8)ehyde H-abstraction
from OCHCH=C(CH3)CH2ONO- by eitherOH or NO3 leads to an acylperoxy radical here replaced biNit&-reaction product accord-
ing to MCM (CO2 + CO +HO2 + NOA). Note that alternative reaction pathways proposed by Weret al. also lead eventually to
CO + NOA. OH-addition generates peroxy radicals undergoing fast isisat@on (Schwantes et al., 2015) leading to the nitroxyrbyd
aldehydeO,NOCH,C(OH)(CH3)CHO assumed to photolyze rapidly 80, + HCHO + HO, + MGLY; the nitrooxy hydroperox-
yaldehydeO:NOCH,C(CHs)(OOH)CHO assumed to photolyze rapidly #6CO + OH + NOA; and the nitrooxy hydroperoxyketone
CH3C(O)CH(OOH)CH20ONO> assumed to photolyze ©6H3;CO + OH + OCHCH>ONO; (ETHLN).
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N40. Abstraction ofv-hydroxy H in thes-hydroxynitrates (e.g1OCH2; CH=C(CHj3) CH2ONO3). The mechanism follows Wennberg et al.
(2018), leading in part to photolabile hydroperoxynitraarbonyls (e.g0:NOCH2C(OOH)(CH3)CHO) assumed to photolyze rapidly
(here toHCO + OH + CH3C(O)CH2ONO; (NOA).

N41. OH-addition to thé-hydroxynitrates (e.g1OCH>CH=C(CH3)CH2ONO3). The mechanism follows Wennberg et al. (2018), except
that all different dihydroxy nitroxyperoxy radicals areriped into one radicalNCO2), and epoxide formation (ca. 8% yield) is neglected.
N42. The 1,5 H-shift in0.NOCH2C(0O,)(CH3)CH(OH)CH>OH leading toHO, + O2NOCH>C(OOH)(CH3)CH(OH)CHO is as-
sumed to be rapidly followed by fast photolysis@®1O + HO2 + OoNOCH2C(OOH)(CH3)CHO, itself followed by photolysis t€HO

+ OH + CH3C(O)CH20NO32 (NOA).

N43. Mechanism adapted from Wennberg et al. (2018). Thedpgioxide (e.gHOCH.CH(OOH)C(OH)(CH3)CH2ONO3) formed
with a 43 % yield is assumed to react with (ca.1.5-10~** molec™* cm® s71), primarily by abstraction of ita--hydroperoxide hydrogen,

forming OH + HOCH2C(O)C(OH)(CH3)CH20ONO- (INCCO), and by abstraction of the terminal hydroperoxide hydnageregenerate
INCO2.

N44. The dicarbonyl nitrat€®)>:NOCH>C(CH3)(OH)C(O)CHO formed in the reaction is assumed to photolyze rapidiyHGO +
02NOCH>C(CH3)(OH)—C°=0, which decomposes (for a large part) itti@® + HO> + OoNOCH2C(O)CHs (NOA).

N45. The mechanism follows the MCM. Among the three considethannels, formation @.NOCH(CHO)C(CHs)(OH)CH20ONO»
+HO., is assumed to be followed by photolysis of the carbonyl titétoNO» + GLY + NOA + HO. (Muller et al., 2014).

N46. Account for the fast isomerisations of the hydroxypgsaresulting fronOH addition toMACR (Crounse et al., 2012; Wennberg et al.,
2018).

N47. MVKO2 is a mix of CH3COCH(O2)CH2OH (72%) andCH3COCH(OH)CH2O2 (28%). The ratio is adjusted so that the glyco-
laldehyde yield ilMVKO2 + NO is 69% (Galloway et al., 2011), taking the nitrate yield (4®)aske et al., 2015) into account.

N48. MVKOOH is a mix of CH3COCH(OOH)CH2OH (55%) andCH3;COCH(OH)CH2>OOH (45%). The fractions account for the

different hydroperoxide yields in the reaction of theirpestive peroxy radical precursors withO.

N49. Reaction rate taken equal to the average of the MCM aadstitucture activity relationship (SAR) of Neeb (2000). ése 50%
formyl-H absraction and 50% alcoholic-H absraction. Thefer leads ultimately to hydroxyacetonéN-©. (in presence oNO). The latter

leads to a nitrooxydialdehyde assumed to photolyze imngliato methylglyoxal NOs andHCO.

N50. The reactiodMVKNO3 + OH is split into two reactions sinceIlVKNO3 represents two isomer§Hs;C(O)CH(ONO2)CH,OH
(for 80%) andCH3C(O)CH(OH)CH2(ONO2) (for 20%). For the first, assume 50% alcoholic-H abstradtdiH; C(O)CH(ONO2)CHO
assumed to photolyze (for ca. 80%) iMf®, + GLY + CH3CO, the rest reacting witH to form eventuallyMGLY +HO2+CO (in the

presence oNO). For the second compound, ignore alcoholic-H absraction.

N51. Assume fast reaction of the acylperoxy radical (84%eattive flux) withNO. Assume fast photolysis ddH; COCOCHO (16% of
flux) into CH3CO + CO + HCO.

N52. Assume immediate reaction of prod@EHC(CHs)(OH)CHO with OH, forming MGLY + HO2 + CO upon reaction witiNO.
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N53. The dominant OH-addition, ttHO)>CHCH(O2)C(O)CHs, is followed by a 1,5 H-shift from an alcohol-H to the peroxsogp
and decomposition (So etal., 2014). The minor addition ntbaforms HOC°HCH(OH)C(O)CHs which reacts withO2 to HO» +
CH3C(O)CH(OH)CHO.

N54. The dominant OH-addition (B0~ *! molec* cm® s7!), to O=CHC(CHj3)(O2)CH(OH)2, is followed by an H-shift from ei-
ther an alcohol-H (50%) or from the aldehyde-H (50%) to theopg group, leading to eitheddCOOH + OH + MGLY or CO +OH +
CH;3C(O)CH(OH), (DHA).

N55. Combines the minor addition channel (1@ ! molec! cm® s™!) and the aldehyde-H abstraction channel 105! molec™*

cm® s71). The minor addition channel leads 0, + O=CHC(CH;)(OH)CH=0, which reacts primarily wittOH, leading to an acyl
radical which can eliminat€ O and giveMGLY + HO- or form an acylperoxy radical which can undergo a shift ofatdehyde-H to the
peroxy group. The resulting radical can either lose CO, gmhueaction withO2, form HO, + CO + CH3C(O)C(O)OOH (PPYR),

or react withO2 and then withNO or HO», forming CO2> + HO2> + PPYR. The H-abstraction channel leads to an acylperoxy radical,
O=C(02)C(CH3)=CHOH, which undergoes a enolic 1,6 H-shift followed By-addition, toO=C(OOH)C(0O2)(CH3)CH=0. The
latter radical undergoes a 1,4 H-shift of the aldehyde-Bilileg toCO + OH + PPYR. PPYR is assumed to photolyze rapidly @H;CO

+ CO2 + OH (Saunders et al., 2003).

N56. The nitrate yield is 1.6% at room conditions.
N57. Assume equal rates for the two addition channels. S&€Sect. 2.1.2).
N58. The reaction leads to pyruvic acid (along wiikb-), assumed to photolyze very rapidly according to Burkhokteal. (2015).

N59. Yields calculated at room conditions. The acylper@dical resulting fron, addition to theHCOCO radical (ca. 17% of the reactive
flux) is replaced by the final reaction products in presend@@fandO- (i.e. CO + HO2 + CO»).

N60. Contrary to MCM, consider aldehyde-H abstractiondileg in part toCO + OH + HCHO (for 25%) and in part tda1OOCH2CO3
(75%) which (upon reaction witthO) leads toCO2 + OH + HCHO.

N61. Reaction rate taken equal to the average of the MCM amdttiicture activity relationship (SAR) of Neeb (2000). dRrcts assume

fast reaction of peroxy radical witRO.
N62. The minor channel (8%, formation 6 (OH).CH20O2) proposed by So et al. (2014) is neglected.

N63. The methyl nitrate yield adopted here i€@* at room conditions, or ca.-80~° in the lower stratosphere, at the lower end of the
range ((5-10)10~°) estimated by Flocke et al. (1998) based on stratosphgifigONO- observations.

N64. See text for details.

N65. The water dimer concentration (molec.chis calculated using
[dimeff = p- K, - [H20]*/[M] @)

wherep is atmospheric pressure (atm}J4O] and M are the water vapour and dry air number density (matec’), and K, (atm') is

approximated following Scribano et al. (2006) :

K, =4.7856 - 10 *exp(1851.09/T — 5.10485 - 107> T') (8)
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N66. Rate reported by Wennberg et al. (2018). H-abstraétam the carbon, followed by OH elimination, is dominant gl et al., 2018).
H-abstraction from hydroperoxide group is followed by deposition of the hydroxymethylperoxy radical.

N67. Note that he rate coefficient of tli&;OH + OH reaction was recently shown to be humidity-dependent {Jara et al., 2017).
Although neglected here, this dependence will be impleeteint future versions of the mechanism.

N68. The rate constant is fer-pinene although the compouddPIN is a surrogate for all monoterpenes. Due to the complexitypaor
understanding of monoterpene oxidation, the product giedflect mostly secondary formation, as calculated fromrhoxlel calculations
using MCM (60-day simulations at either 1 ppbv or 50 pptv N@hotolysis rates calculated for clear-sky conditions &i\80n July 15th).
The yield of acetone from both- and 3—pinene is very close to 100% after several days of reactimegendent of the NOx level. The
overall yield of formaldehyde obtained in these simuladiaca. 4.2HCHO per monoterpene oxidized, which comes down to 2.3 after
subtracting the contributions of acetone and methylglyoxalation. This yield is further reduced by 45% to accowntet/dry deposition
of intermediates and secondary organic aerosol formafibat fraction is higher, but of the same order, as the estichatverall impact
of deposition on the average formaldehyde yield from isoprexidation ¢30%), based on global model (MAGRITTE) calculations.
The higher fraction is justified by to the larger number ofdation steps and the generally lower volatility of internagels involved in
formaldehyde formation from monoterpene oxidation. Therail carbon balance of monoterpene oxidation in the mashais ~50% due

to the combined effects of deposition, SOA formation &fd and CO, formation besides their production through the degradaticthe
explicit products.

N69. The 26% yield is the assumed overall organic nitraten&ion from monoterpenes (Rindelaub et al., 2015).

N70. Several carbonyl intermediates formed in the reacienassumed to react rapidly with OBH3;C(OH)(CH3)C(0)O. is assumed
to react withNO, forming CO2 + CH3COCH3 + HO».

N71. The organic nitrate yield is close to 10% at room coondgi(Chan et al., 2009). Whereas the major isomer peroxgabklgiads to
CH3COCHs3 + GLYALD + HO» upon reaction witfNO, the other isomer leads #CHO + HO> + CH3C(OH)(CH3)CHO which is
here replaced by its OH-reaction product in presencs©f namelyCO> + CH3COCHg3 + HO». Note that the MCMv3.3.1 mechanism
for MBO was recently validated by comparisons with chambeasurements, in particular regarding the production otedsl acetone and
formaldehyde (Novelli et al., 2018a), and that the peroxdiaa isomerisation reactions proposed by Knap et al. (@45 be neglected

due to their low rates and resulting impacts.
N72. The hydroperoxides formed in the reaction are replagatie OH-reaction products in presenced0.

N73. Average reactivity of the two isomer dihydroxynitat&he products are replaced by th@H-reaction products in presenceld.

2.9 Photodissociations

32



Geosci. Model Dev. Discuss., https://doi.org/10.5194/gmd-2018-316
Manuscript under review for journal Geosci. Model Dev.

Discussion started: 19 December 2018

(© Author(s) 2018. CC BY 4.0 License.

Table 3. Photodissocation reactions. References: 1, Burkholdat €2015); 2, Réth and Ehhalt (2015); 3, Shaw et al. (2018$alter et al.
(2013); 5, Pinho et al. (2005); 6, Jenkin et al. (2015); 7,indgkn et al. (2006); 8, Liu et al. (2018); 9, Mdller et al. (20110, Barnes et al.
(1993); 11, Xiong et al. (2016); 12, Liu et al. (2017); 13, Malshi et al. (1977).

Reaction Crosssection  Quantumyield  Products
HCHO — CO + 2HO, 1 2
HCHO — Hy +CO 1 2
CH3CHO — CH304 + CO + HO» 1 1
CH35CHO — VA 1 3
GLYALD 2% HCHO + CO + 2HO» 1 1
2%, CH50H + CO 1 1
%, OH + OCHCH,0, 1 1
GLY — 2CO +2HO, 1 4
GLY — 2CO + H, 1 4
GLY — HCHO + CO 1 4
CH5COCH3 — CH3CO3 4+ CH302 1 1
MGLY — CH3CO3 4+ CO +HO, 1 1
MACR 22 MCO3 + HO, 1 5 6
9%, 0.35 CHsCO3 + HCHO + 1.65 CO + 0.65 CH3 05 + HO, 1 5 6
MVK 22 C3Hg + CO 1 1 6
%, ¢H3C03 + HCHO + CO + HO» 1 1 6
CH300H — HCHO +HO- + OH 1 1
HMHP — HCOOH + OH + HO; 1 b
ISOPBOOH — MVK 4+ HCHO +HO; + OH 1° b 6
ISOPDOOH — MACR +HCHO + HO» + OH 1° b 6
ISOPEOOH — MACR +HCHO + HO, + OH 1° b 6
MACROH — HYAC+ CO +2HO» 7 74 6
MVKOOH 2% CH3CO3 + HO» + HPAC 8 & 6/
2%, CH3COs + GLYALD + OH 8 & 6/
CH30NO2 — HCHO + HO2 + NO» 1 1°
PAN 22 CH3CO3 + NO, 1 1
2%, CH302 4+ CO4 + NO3 1 10
PAA — CH305 4+ OH + CO» 1 b 6
HYAC 2% CH5COs + HCHO + HO, 1 1
2%, GCO3 + CH50, 1 1 1
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Reaction

Cross section

Quantum yield

Products

%, CH50, + CO + HCHO + HO»

2%, OH + ACETO2
INDOOH — NO2 +GLYALD + HYAC + OH
INDOOH — OH +0.15(HYAC + GLYALD + NO>)
+0.85 (HCHO + HO2 + MVKNO3)
MACRNO3 — HYAC+ CO 4+ HO2 +NO»
MVKNO3 — 0.8 (CH3COs + GLYALD + NO3)
+0.2(MGLY + HCHO + NO3)
INCCO — NO2 + HYAC+ GCO3
INCNO3 — NO2 + HCHO + HO» + MVKNO3
INCNO3 — NOz + GLYALD + NOA + HO»
NOA — CH5CO3 + HCHO + NO»
ISOPDNO3 — MACR +HCHO + HO: + NO»
ISOPENO3 — MACR +HCHO + HO2 + NO3
ETHLN — HCHO + CO +HO2 + NO»
NC4CHO 2% NO, + 1.15HO; 4 1.35CO5 + 0.55 HCHO + 0.65 CH35CO3
+0.2MMAL + 0.15MGLY + 0.15CO + 0.1GLY —0.550H

NC4CHO 2% NO, + OH + CO + 0.5 HPKETAL + 0.5 HPDIAL

NC4CHO 2% NO, + CO + OH + 0.3 HMVK + 0.7 HMAC

NC4CHO 2% NO, + 1.7CO 4+ 0.3MVKO2 4+ 0.7HYAC

DHBO — CH3CO3 + GLYALD

HOBA — MGLY 4+ CO 4 2HO:

HOBA — CH3COs3 + GLY + HO2

HCOC5 — CH3CO3 +HCHO + GCO3

MCO3H — OH + CO2 4 0.65 (CH302 + CO + HCHO)
40.35(CH3CO3 + HCHO)

GCO3H — OH +HO2 + HCHO + CO»

HPAC 2%, vaA

1% 1O, + CO + HCHO + OH

HPACET 2% MvVA

1%, CH3CO5 +HCHO + OH

HPKETAL 2% HMVK

2%, CH3COs + OH + GLY

25%

—— CO+HO2+ OH+MGLY
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Reaction

Cross section

Quantumyield

Products

HPDIAL 2% HMAC

2%, CO +HO, + OH + MGLY

DIHPCHO — HO2 4 CO + OH +HPACET
DIHPMEK — OH + CH3CO3s + HPAC

BIACETOH — CH3CO3 + GCO3
HPALD1 2% 0.450H + 1.15HO4 + 1.35CO2 + 0.55 HCHO + 0.65 CH3CO3
1+0.2MMAL 4 0.15MGLY + 0.15CO + 0.1 GLY

11%

— 20H+ CO + HPKETAL

56%

— CO+20H+ HMVK

22%

— CO + CH3CO3 + GLYALD

18%

HPALD2 — 0.450H + 1.15HO2 + 1.35CO2 + 0.55 HCHO + 0.65 CH3CO3
+0.2MMAL + 0.15MGLY +0.15CO + 0.1 GLY

18%

— 20H+ CO + HPKETAL

8% 0 + 20H + HMAC

18% 9CO + HO» + HYAC
HMAC — OH + CO + HO3 + MGLY
HMVK — OH + CH3CO3 + GLY

APINONO2 — NO2

8

1t

1t

13
13
79

8

r

6"
6"
6

12

12

Notes:

a) Total quantum yield of 0.004.

b) Unit quantum yield.

¢) As for CH;OOH.

d) As fori—C3H7CHO.

e) Total quantum yield of 0.8.

f) See text regarding hydroperoxycarbonyl photolysis, aotd iN48 above.
g) As for CHsCH(ONO2)CHs.

h) Oxy radical decomposition follows Vereecken and Pee0689).

1) Oxy decomposition as ilNDO2 + NO (Table 2).

7) Sum of absorption cross sections@f; COC2Hs andn—C4HoONOs.
k) Asn—C4HyONOs.

[) Cross sections ai—C4HyoONO-, divided by 3 to account for effect @H group (Roberts and Fajer, 1989).
m) Cross sections af—C4HoONO,, divided by 3 to account for effect @H group (Roberts and Fajer, 1989).

n) Quantum yield of 1 below 336 nm, zero above.

0) NC4CHO photolysis followsHPALD?2 photolysis for 75% antHPALD1 for 25% (isomer distribution of Schwantes et al. (2015)).

p) As for CHSCOCQH5.
q) As for CH; COOOH.
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r) See text regarding hydroperoxycarbonyl photolysis.

s) Photorate taken as 25% g{CH3; COCOCH3) (Praske et al., 2015).
t) Absorption cross sections 8 ACR, quantum yield of 0.8. See text.
u) Quantum yield of 0.1 below the threshold of 312 nm (see text)

v) See text.

2.10 Uptake by aerosols

The heterogeneous reactions on aerosols are listed in Zatlewith their associated reactive uptake coefficiente fidte @) for the
heterogeneous uptake of a chemical compound on aqueos®Barocalculated using

A

A= TD, T 4@ ) ®©)

whereA is the aerosol surface density{m~?), r,, is the number mean particle radius (m), is the gas-phase diffusivity parameterized
as described in Miiller et al. (2008),is the mean molecular speed (m'$, and~y the reactive uptake coefficient (Table 2.10). The aerosol
surface density is calculated following (Stavrakou et2009b). Aqueous aerosols include inorganic (sulfate/amuama/nitrate/water) and
carbonaceous (OC and BC) calculated by the model as deddnils¢avrakou et al. (2013) and sea-salt aerosol from the ®@AGonitoring
Atmospheric Composition and Climate) Reanalysis (appsnddnt/datasets/data/macc-reanalysis/levtype=sfc/)

The heterogeneous uptake of alkyl nitrates by aqueous@sratiowed by their hydrolysis has been suggested as aantia organic
nitrate sink and a large source of nitric acid in forestediremments (Romer et al., 2016). Since tertiary nitratesewsérown in the lab-
oratory to undergo hydrolysis much faster than primary aszbsdary nitrates, we neglect the hydrolysis of non-tertidtrates while
assuming fast hydrolysis of tertiary nitrates from isoprehhe reactive uptake coefficient)(calculated by Marais et al. (2016) based on
measured hydrolysis rates of a primary and a secondary Xyuitcate from isoprene in neutral solution (Jacobs et2f114) is much too
low (1.3107 —5.210~°) to account for the loss observed during the Southern Oxkiafash Aerosol Study (SOAS) campaign (Romer et al.,
2016), due to the relatively low estimated Henry’s law cansiof isoprene hydroxynitrates. A much highel0.1) is assumed here for
the major (tertiary) 1,2-hydroxynitrate from isoprene @BBNO3), such that heterogeneous loss is its dominant rfiatieei troposphere,
whereas the uptake of non-tertiary isoprene hydroxymisrét neglected. Although crude, this assumption leads tmd model agreement
against aircraft observations of isoprene hydroxynirateer the Southeastern U.S. (see Sect. 3.2). Furthernhereatculated average
for the sum of isoprene hydroxynitrates weighted by thespeetive abundances 480.02, consistent with the upper limit (0.02) inferred
for the isoprene hydroxynitrate family by Wolfe et al. (20&ased on SOAS measurements. An uncertain, but likelyfggnt, fraction
of the monoterpene nitrates (represented in the mechanisrubique lumped compound APINONO2) is assumed to be terdiad un-
dergoes hydrolysis (Browne et al., 2013, 2014) with 0.01 (Fisher et al., 2016). Other, minor tertiary nitrajeserated in the mechanism
(INB1CO, INB1OOH, INB20OOH, INBINO3 in MCM) are also assumidundergo rapid uptake followed by hydrolysis in the aekoso
generatingdNOs3 and a usually very soluble and condensable co-product a&sktmnremain in the particulate phase. The hydrolysis of
non-tertiary nitrates is slow compared to tertiary nitsat@nd is therefore neglected here. Gas-aerosol partiganight occur, leading to
possible loss by aerosol dry or wet deposition; this losddcba significant if repartitioning of particulate nitratiesthe gas phase would be
inhibited (Fisher et al., 2016). These effects are howegey uncertain, and are not considered here for simplicity.
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Table 4. Heterogeneous reactions on aqueous aerosotienotes the reactive uptake coefficient. References: Tid.gf al. (2005);
2, Marais et al. (2016); 3, Fisher etal. (2016); 4, Mullerlet(2016). Notes:) The dependence on aerosol pH (Marais et al., 2016;
Stadtler et al., 2018) is ignored.

Reaction ~y Ref.
GLY — GLY (aerosol) 2.9(-3) 1

IEPOX — IEPOX (aerosol) 4.2(-3) 2¢
HMML — HMML (aerosol) 1.3(—4) 2¢

ISOPBNO3 — ISOPBOH + HNO3 0.1 b
MACRNO3 — MACROH + HNO3 0.1 b
APINONO2 — HNOg3 + product 0.01 3
CH3000H — CH30OH + O2 0.1 4

3 Regional and global modelling
3.1 Mode description and simulations

The MAGRITTE model calculates the distribution of 175 cheahicompounds, among which 136 species undergo transpmregses
(advection, deep convection and turbulent diffusion) miodel. MAGRITTE can be run either globally &t @atitude) x 2.5° (longitude)
resolution, or regionally at 0°5<0.5° resolution. The lateral boundary conditions of the regiomadel are provided by the global model. In
the vertical, the model uses a hybrig-pressure) coordinate, with 40 levels between the Earthifese and the lower stratosphere (44 hPa
level). The meteorological fields are provided by ECMWF ERerim analyses (Dee et al., 2011). Most model paramettoizs, including
the transport scheme, inherit from the IMAGES model (Mudled Brasseur, 1995; Stavrakou et al., 2009a, b, 2015; Baueted., 2016).
The deposition scheme is described in a companion papeteiMiilal., 2018).

The model uses anthropogenic emissions of CO, NOx, OC, BCSén from the HTAPV2 dataset for year 2010 (Janssens-Maenhatt, et
2015). Following Travis et al. (2016), the anthropogenicxX\g&nissions over the U.S. are first scaled down to match the tot& (3.5
TgNl/yr) for the year 2013 reported by the National Emissiovehtory (NEI), and the U.S. NOx emissions due to industry iansport
are further reduced by 60% to match observed aircraft M@icentrations and nitric acid deposition data, condistéth the recommen-
dation of Anderson et al. (2014). Anthropogenic NMVOC eraiss are provided by the EDGARvV4.3.2 inventory (Huang et2817) for
the year 2012. The global annual anthropogenic NMVOC sosrte4 TgNMVOC (118 TgC). Biomass burning emissions (78 TQrO\C
or 45 TgC in 2013) are obtained from the Global Fire Emissiatabase version 4 (GFEDA4s) (van der Werf et al., 2017) andeatieally
distributed according to Sofiev et al. (2013).

Isoprene and monoterpene fluxes (366 and 91.5 TgC, resplgctiv2013) are calculated by the MEGAN-MOHYCAN model (Milet al.,
2008; Guenther et al., 2012; Bauwens et al., 2018) and aiflalaleaonline (http://emissions.aeronomie.be). Biogeamissions of acetalde-
hyde and ethanol (amounting to 92 and 88 Tg(C)'yglobally) are parameterized as in Millet et al. (2010). Thetimanol biogenic emis-
sions are provided by an inverse modelling study constdabyespaceborne methanol abundances and are estimated &gT) yr*
(Stavrakou et al., 2011). Biogenic emissionglaf, (scaled to a global total of 4 Tg(C) yt), CH,O (1.6 Tg(C) yr ') andCH3;COCH3
(18 Tg(C) yr ') are also provided by MEGAN (Guenther et al., 2012) (avédain http://eccad.aeris-data.fr).
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(a) 1,6 isom. fraction, C1-addition (b) 1,6 isom. fraction, C4-addition

(2]

N

1

[4]

Figure 2. Calculated percentage contribution oféZrydroxyperoxy 1,6 H-shift to the overall sink of the pool méroxys resulting from
addition of OH (a) to carbon C1, and (b) to carbon C4 of isopr@olumn average, July 2013). Note the different colorexcad (a) and (b).

The model also includes oceanic emissions of methanol (I§(€) yr!), acetone (39.3 Tg(C) yt*) and acetaldehyde (30.4 Tg(C)
yr—1) (Miiller et al., 2018), similar to previous model estimasoStavrakou et al., 2011; Fischer et al., 2012; Millet gt2010). Finally,
oceanic emissions of alkyl nitrates are also included, dbasecomparisons with aircraft campaign measurements gisially proposed by
Neu et al. (2008), but taking into account the updated aitegre calibration of the campaign data (Simpson et al. 120The adopted rates
over Tropical oceans (2@ — 10N) are6 - 108, 2.5-10%, 10% and10® molec. cnmv? s™! for C;, C,, C3 and G.3 alkyl nitrates, respectively;
3-107,3-107, 1.5-107 and10” molec. cnT2 s~! over the Southern Ocean-10°S); a uniform rate of0” molec. cm? s~! is adopted
elsewhere over ice-free oceans. The calculated globakemisare respectively 0.35, 0.3, 0.2 and 0.25 Tg(C) (01014, 0.08, 0.07 Tg(N))
for Cy, Cz, Cs and higher alkylnitrates.

MAGRITTE is run for a period of 18 months starting on July 1120both at the global scaleq22.5° resolution) and regional scale for
the U.S. (0.8x0.5°, 10-54 N, 65-130'W). Only the results for the year 2013 are discussed hereafte

3.2 Model general results

Oxidation of isoprene by H radicals is by far the largest sink of isoprene, represgntiB5% of the global sink according to the model
calculations, in agreement with previous model studiesilR&t al., 2012), whereas ozonolysis and M@s-reaction contribute for9%
and 5%, respectively. The isomerisation reactions cottteofate of about one fifth of the total flux of hydroperoxy @ds formed from the
reaction of isoprene witH (16.5% and 3% for the 1,6 and 1,5 H-shifts, respectively)weler, the contribution of 1,6 H-shift is much
higher, by about one order of magnitude, for the peroxysltiagufrom OH-addition to carbon C4 than for those resulting from additi
C1 (Peeters et al., 2014; Wennberg et al., 2018). Furthextius contribution is dependent on temperature and onatheantrations oNO
andHO. radicals, as illustrated on Fig. 2: of the order of 50% overote forests such as Amazonia, it dropst85% over the Southeastern
U.S. and below 20% over cooler, more NOx-polluted areasGfbrddition).

The isomerisation reactions of isoprene peroxys regemBi@k (HO» + OH) radicals, in part directly (as co-products of the HPALDd an
of the dihydroperoxycarbonyls formed from the 1,4 H-shifttee DIHPCARPSs, see Sect. 2.1.1) and in part from the sulesggeactions of
the stable products (Peeters et al., 2014; Wennberg eDaB) 2although our recently proposed enol-forming pathimaie fast photolysis
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Change in PBL OH (%)

Figure 3. Calculated change (in %) in boundary lay# concentration upon inclusion of isomerisation reactidrisaprene peroxy radicals

(column average, July 2013).

of several key hydroperoxycarbonyls (el lPACET andHPAC) decreases substantially the recyclingddfl compared with the previous
assumption o —OH bond scission. The overall impact of isoprene peroxy rddscanerisation reactions on boundary-layer averagéd
concentrations reaches up to about 50% over Western Ansaodi 15% over Southeastern U.S. and Siberia in July (FigvI8reas their
impact onHO- is comparatively lower, by up to a factor ef2 over Amazonia. The isomerisation reactions lead alsodoaed isoprene
nitrate formation, by up te-40% over Amazonia, as tieO» + NO reactions compete with unimolecular reactions. The dee@hlOx loss
through organic nitrate formation and partial removal iilplonger NOXx effective lifetime and concentrations (bgw £6 over Amazonia),
in spite of the highe©OH levels and increased NOXx loss throujlv, + OH. These changes lead to slightly enhan€egdconcentrations
over Amazonia (a few percent). The impactld@HO concentrations and vertically-integrated columns is \wemall, also of the order of a
few percent at most.

The dry or wet deposition of organic (peroxy-)nitrates amal itreversible sink of organic nitrates through hydraysi other processes
on aerosols are significant net sinks of NOx over vegetategisgiBrowne et al., 2014; Romer et al., 2016; Fisher et al6RAs shown on
Fig. 4, the combined deposition and aerosol sink of orggmecaxy-)nitrates is found to be the dominant sink of NOx awzenforests in
South America and Africa, as well as over boreal forests re@& and Canada during the summer. This fraction even dgc&¥ over the
most remote areas (e.g. Western Amazonia) where high iseed low NOXx levels both contribute to I@WH concentrations (of the order
of 10° molec. cn® during daytime in the boundary layer). These estimatesldhmiconsidered with caution given the large uncertainties
in the assumed aerosol uptake coefficient and poor unddistpof aerosol chemical processes. Over the Southeast&n(80-94.8W,
29.5-40'N) during August-September 2013, the MAGRITTE model caltiohs (regional version over the U.S., Orgsolution) suggest
that the NOx sink through aerosol hydrolysis amounts to%4d% NOx emissions in the region, whereas the deposition gdmic nitrates
and peroxynitrates account for additional 7 and 5% of NOxssians. The estimated total net loss of NOx throlRfpNO-, formation
amounts therefore to 21.5% of NOx emissions, in good agreemi¢h previous calculations using the GEOS-Chem modedh(i et al.,
2016) (21%). This agreement might be partly fortuitousegithe important differences in the treatmenR&@NO, aerosol sink: a unique

uptake coefficient (0.005) was used by Fisher et al. (20163lfasoprene nitrates except nitroxyacetone and ethaitraite, whereas only
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Figure 4. Percentage ratio of annual NOx net loss due to organic eifoamation (i.e., their combined aerosol sink and depmsisink) to
the total annual NOx emission. Blank areas are those withallyaaveraged NOx emissions lower than10° molec. cmm? s+,

tertiary nitrates are assumed to undergo aerosol hydsoigsbur study (withy=0.1). Non-tertiary nitrates might partition to the aeloso
phase and possibly undergo processes preventing thetuevealease to the gas-phase, in which case the overall M®xalculated here

is underestimated.

3.3 Model evaluation against SEAC*RS campaign measur ements

The regional model simulation over the U.S. is evaluatednagaircraft measurements of the NASA SEAZS (Studies of Emissions and
Atmospheric Composition, Clouds and Climate Coupling bgiBeal Surveys) campaign in August-September 2013 (Toah,62016). For
the most part, the SEARS took place over the Southeastern U.S. in areas charattdsy high emissions of isoprene and other BVOCs.
The observations discussed below are those obtained onABANDC-8 (www-air.larc.nasa.gov/missions/merges/) kestw 9h and 17h
local time. Biomass burning plumes, urban plumes and Spatric air are excluded from the analysis (diagnosed witis[CN] > 225
ppt, [NO2] > 4 ppbv, and O3]/[CO] > 1.25, respectively) (Travis et al., 2016).

Figure 5 present the observed and calculated average profilezone NO-> and VOC oxidation products. As noted above, the NOx
anthropogenic emissions used in the model were stronglycestj relative to NEI official estimations, in order to matbe SEACRS
observations folNO2 (also NO) and improve the agreement for ozone, consistent with theltseof Travis et al. (2016). The model is
in excellent agreement with tH@CHO profile measured by the Compact Atmospheric MultispeciescBpmeter (CAMS) (Richter et al.,
2015), with only about 4% average overestimation below 4 kitude, whereas a model underestimation of 8% is foundivelao HCHO
measurements by laser-induced-fluorescence (NASA GSFE isstrument, Cazorla et al. (2015), not shown on Fig. 5). Moeel perfor-
mance is also fairly good for the major products of isoprerigH; with moderate overestimations of 21%, 8% and 30% for MWVMCR,
ISOPN (the family of primary hydroxynitrates from isoprgrsnd ISOPOOH, respectively. Note that the modelled MVKMA&@unts
for the presumed interference of ISOPOOH in the measurerasmescribed in Miller et al. (2018). This correction iases MVKMAC
by ~10% on average for this campaign. The good consistency betite model results for the major high-NOx and low-NOXx isoyr
oxidation products lends confidence in the major steps aftaehanism. The underestimation for IEPOX (-18% below 4 lkemydderate in

view of the highly uncertain aerosol sink-80% of the total IEPOX sink in the model simulation), withevtiich the model would largely
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overestimate IEPOX observations. Not shown on Fig. 5, thdehoalculated HPALD concentrations (peaking at about @@ at ~0.5
km) are about a factor of 5 lower than the Caltech CIMS (Chal@nisation Mass Spectrometry) measurement at the mlaleaeight
of 116 which was previously thought to consist only (or mgirdf the HPALDs (Crounse et al., 2011; Travis et al., 2016)wiver, this
CIMS signal includes very probably a large contribution ohfHPALD compounds presumed to be longer-lived than the IHIBA(Paul
Wennberg, pers. comm., 2017).

The slightly too low ISOPN/MVKMAC ratio in the model (0.0364. 0.0408) could indicate an overestimation of ISOPN a#rsisk,
although the measurement uncertaintie8Q% for ISOPN, Fisher et al. (2016)) preclude a firm assessmenosol hydrolysis represents
~75% of the total sink of the tertiary hydroxynitrate ISOPBS8I@ the model (average over the model domain) or about 40%ef t
total ISOPN sink. On the other hand, the model overestimatfahe secondary isoprene nitrates (MVKNO3+MACRNO3) sham Fig. 5
suggests either a too high production or an underestimatkdihe main precursor of MACRNOS3 being ISOPBNO3 which ugdes rapid
aerosol hydrolysis, its production rate is much lower thaat bf MVKNO3, formed mainly from the OH-reaction of the sadary nitrate
ISOPDNO3 (CH,=C(CH3)CH(ONO2)CH2OH). MACRNO3 being also much shorter-lived than MVKNO3 duet®faster photolysis
(Muller et al., 2014) and its fast assumed aerosol hydrslggik, its abundance is very low, contributing for less thié&f of the sum
MVKNO3+MACRNO3. The model overestimation could therefdre due to unaccounted aerosol reactions of either MVKNOJ d@so
precursor, ISOPDNO3. The model overestimation for nitemgtone (NOA) reaches almost a factor of 3, in contrast WehGEOS-Chem
underestimation found by Fisher et al.. This compound isipairoduced from multiple reaction sequences inX@s-initiated oxidation
mechanism of isoprene. Although isoprene oxidatiolNieys is primarily a nighttime process, NOA is formed after seVeradation steps
favored by daylight. Our isoprene NO3 mechanism is more detailed and in line with the recent mastiarconclusions from laboratory
studies (Wennberg et al., 2018), but it still bears largesttainties due to its high complexity. In addition, reacti®f either NOA or of its
precursors (NISOPOOHD, NISOPOOHB, ISOPCNO3, NC4CHO) ansas could explain part of the overestimation. Finalg tmodel
might overestimate nitrate radical concentrations antefbee also the importance &fO3 as oxidant of isoprene. Although the reactions
of NO3 with all major peroxy radicals are taken into account in thagled, many potentially significant reactions with unsatedzsoxidation
products of isoprene (e.g. MVK, ISOPOOH, NISOPOOHB and NP®®HD, MCO3H, MPAN, etc.) are neglected in this mechanissn (a
in the MCM and other mechanisms). A careful assessment abtaef these reactions might be in order.

Despite the model overestimation for both NOA and MVKNO3+®RNO3, the model underestimates the SERS measurement for
RONO: (the sum of all organic nitrates) by almost a factor of two.ifitar model underestimation was found by Fisher et al. @01
Part of the discrepancy might be due to a misrepresentatialikg and hydroxyalkyl nitrates from other precursorsrthsoprene. Nitrates
from ethane, propane, ethene and propene oxidation areeatlin MAGRITTE, but their concentrations are largely uedémated with
respect to SEAERS observations (not shown on Fig. 5), in part due to underasbns of precursors emissions, in particular for ethane
propane and propene. However, these nitrates account fpraosmall part of theRONO, bias (~16 pptv altogether out of 120 pptv
below 4 km) based on SEARS observations and model results. Nitrates from monatesp@nd higher alkanes are crudely included
in the model, and their contribution (11 and 19 pptv duringASERS) could be underestimated. Methylnitrate is well repoediuby
the model (Fig. 5), but it makes only a very small contribat{e-5 ppt). The good agreement validates the low nitrate yie&tlua the
mechanism (20~* at room conditions, see Note N63) for th#130, + NO reaction, well below the experimental determination (%
0.7% in tropospheric conditions) of Butkovskaya et al. @0Although a higher yield~3-10~*) would still remain compatible with the
SEAC'RS measurement (by assuming lower oceanic emissions), higlslr values as reported by Butkovskaya et al. would leddige
overestimations o€ HsONO» mixing ratios in the troposphere.
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Figure 5. Observed (red symbols) and modelled (black lines) meanl@sadf ozoneNO-, and major VOC oxidation products over North
America during the SEAERS campaign. The number of measurements per altitude hidiisaited on the right for each plot. The vertical
bin interfaces are 0, 0.3, 0.6, 1, 1.5 km, and from 2 to 8 km byn1khe horizontal lines indicate the standard deviatiomefrheasurements

within each vertical bin. MVKMAC stands for the sum MVK+MACR.44 ISOPOOH.

3.4 Global budget of formic and acetic acid

The calculated global photochemical source of formic aambants to 5.5 TgC or 21 Tg(HCOOH) per year (Table 5). Althotlglhmodel
simulation incorporates newly proposed formation medrasj as detailed below, this total is lower than severalipveavmodel estima-
tions (Paulot et al., 2011; Stavrakou et al., 2012; Millealet2015), for several reasons. Firstly, the global isopr&ource in our simulation

5 (366 TgClyr) is near the low end of the range of previous estids (Arneth et al., 2011; Sindelarova et al., 2014). Funibee, the forma-
tion of HCOOH in the oxidation of glycolaldehyde and hydraexgtone implemented in several studies is omitted heree $hre original
experimental findings by Butkovskaya et al. (2006a, b) cawtibe confirmed (Orlando et al., 2012) and might not be affeéh atmo-
spheric conditions. HCOOH production from isoprene ozgsisl (1 TgC/yr) is lower than previous estimates (e.g. 1@ 28 TgCl/yr in
Paulot et al. (2011) and Stavrakou et al. (2012), respdg}idespite our high assumed yield (0.58) of stabilized gz CH20OO). This

10 is due to the combination of (1) low direct formation yield@€OOH in theCH>OO reaction with the water dimer (Sheps et al., 2017),
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Table 5. Global sources cHCOOH in the model simulation.

Tg(C)lyr  Tg(HCOOH)/yr

Direct emissions

Biomass burning 0.78 3.0
Biogenic 1.46 5.6
Anthropogenic 0.58 2.2
Photochemical production
ISOP + O3 0.99 3.8
Other Alkenes ozonolysis 0.52 2.0
C2Hz + OH 0.69 2.6
APIN + OH 0.42 1.6
VA + OH 1.87 7.2
from CH3CHO + hv 0.76 29
from OCHCH2OOH + hv 111 4.3
ISOP + OH (various pathways) 1.13 4.3
HMAC/HMVK + OH 0.58 2.2
ISOPOOH + OH 0.45 17
HMML + OH 0.12 0.5
Total source
Global 8.4 32

(2) high deposition sink of HMHP (over50% of its global production) resulting from its high solliyi and high deposition velocities
over forests (Nguyen et al., 2015b; Muller et al., 2018), €8)athe HCOOH yield of only 0.45 in the reaction of HMHP witbH recently
estimated from experiment (Allen et al., 2018). The verydjowdel agreement against the SE/RS measurements of HMHP over the
Southeastern U.S. suggests an essentially correct maqatesentation of its production and sink rate, and theredbtbe contribution of
alkene ozonolysis to the budget of formic acid.

Vinyl alcohol (VA), originally proposed as possible souafdéormic acid by Archibald et al. (2007), received full atten when acetalde-
hyde phototautomerization to VA was shown in the laboratotye efficient (Andrews et al., 2012) and represent a sizailece of formic
acid of the order of 3 TgC/yr (Cady-Perreira et al., 2014;I&iét al., 2015). However, a recent, more detailed experiatevaluation of
the phototautomerization yield led to a downward revisibthe global source to about 0.8 TgC/yr (Shaw et al., 2018y00d agreement
with our model calculations (Table 5). This source could \ndower if VA tautomerizes back to acetaldehyde (da Sitwe.e2010), but
acid-catalyzed VA tautomerization was shown to be nedkgiand aerosol-mediated tautomerization remains spa@il@Peeters et al.,
2015).

Another source of VA and of other enols has been identifieglpthotolysis of hydroperoxycarbonyls (Liu et al., 2018)r @sults (Ta-
ble 5) indicate that the photolysis of hydroperoxyacetaydie (HPAC) is a larger source of VA (and therefore of HCOO#NCH; CHO
tautomerization. The sources of HPAC (5.6 Tg/yr globalhgliide the oxidation of acetaldehyde by OH (30% of totak, photolysis of
MVKOOH (31%) and several other pathways in isoprene oxaatatin particular through the isoprene hydroxyperoxy radic6 H-shift
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(a) Contribution to near-surface HCOOH (%) (b) Contribution to near-surface CH,COOH (%)

Figure 6. Calculated percentage contribution of hydroperoxycaybphotolysis to near-surface concentrations of (a) foremd (b) acetic
acid for the month of July.

pathway as confirmed experimentally (Crounse et al., 20&fg®t al., 2017). In addition, the photolysis of the HPALBISC, hydroper-
oxydicarbonyls (HPDIAL and HPKETAL) also generated frone isomerisation pathway, and of nitroxyenals (NC4CHO) fednfrom
isoprene NO3 all lead partly to keto-enols (HMAC and HMVK) which are oxiéid for a large part into HCOOH following their reaction
with OH, following a mechanism similar as for VA (So et al., 2014) eTghotolysis and deposition of HMVK and HMAC are found to be
minor sinks (5% and 10% of their global sink, respectively). Finally, hygeroxycarbonyls formed from minor pathways in the ISOPDO
degradation mechanism are photolyzed in part into othel emopounds, which are partly oxidized to HCOOH (along witlvKi or
MACR). The estimated combined HCOOH source due to hydrogearbonyl photolysis amounts to 2.1 TgC/yr, exceeding agnitude
the source due to alkene ozonolysis (1.5 TgCl/yr). As seengiéfa), the contribution of this source to nea-surfH€€OOH concentrations
is highest over remote oceanic areas (up to 50%) and is caeiedy much lower over biomass burning and biogenic emisareas. This is
partly due to HPAC formation due to oceanic acetaldehydesions, and to the significant share of direct biogenic andg@nic emissions
to the global HCOOH budget (Table 5). Nevertheless, hydwpearbonyl photolysis enhances HCOOH levels\iy5% (up to 120 pptv)
near the surface over vegetated areas such as Amazoni&(&)jg.and by> 30% at higher tropospheric levels (not shown).

The largest known photochemical source(dfis COOH is the reaction of acetylperoxy radica@Hs; CO3 with peroxy radicals HO»
andRO3), amounting to~16 TgC/yr globally (Table 6). This is very consistent withr@ygous model estimate (18 TgC/yr) by Paulot et al.
(2011) but significantly lower than the estimate of Khan e{2018) (close to 30 TgC/yr). Our calculated contributiérCéis CO3 + RO
reactions £2.3 TgC/yr) is smaller than in Paulot et al. (2014)5.6 TgC/yr). It could be underestimated if t6&l; COOH-forming channel
ratio for the reactions o€ H; CO3 with major non-tertiary peroxy radicals would be signifittgrhigher than the value assumed here for
most reactions (0.1), which is based on the caseléfCO3 + CH3O2 (Atkinson et al., 2006). The high report€tdi; COOH yield (0.5)
(Atkinson et al., 2006) in the case 6H3;CO3 + CH3C(O)CH202 is implemented in our mechanism but assumed to be atypical.

The additional source of acetic acid due to the photolysisydfoperoxyacetone (HPACET) and involving the oxidatiémethylvinyl
alcohol (MVA) by OH enhances the estimated global photochemical productiefHaiCOOH by 7 TgCl/yr or 43% (Table 6). The global
source of HPACET (32 TgClyr) are dominated by the acetongbygeradical reaction wittHO2 (15 TgCl/yr) and by the reactions of the
dihydroperoxyaldehyde (DIHPCHO) formed in the isopreneopg isomerisation pathway, following the assumption oftfa,4 H-shift

44



Geosci. Model Dev. Discuss., https://doi.org/10.5194/gmd-2018-316
Manuscript under review for journal Geosci. Model Dev.

Discussion started: 19 December 2018

(© Author(s) 2018. CC BY 4.0 License.

Table 6. Global sources o€ Hs COOH in the model simulation.

Tg(C)lyr  Tg(CH3COOH)/lyr
Direct emissions

Biomass burning 5.7 14.3
Anthropogenic 2.6 6.6
Photochemical production

CH3CO3 +HO- 13.8 34.5

CH3CO3 4+ RO2 2.3 5.7

CsHe + O3 0.1 0.2

HPACET + hv (+OH) 6.9 17.2
from isoprene oxidation 44 11.0
from acetone oxidation 17 41
other 0.8 21

Total source
Global 314 78.5

of DIHPCARP2 (14 TgClyr from DIHPCHO photolysis, 2 TgC/yofn DIHPCHO + OH). In absence of 1,4 H-shift, HPACET would be
produced anyway, directly from the reactions of DIHPCARRBWO or HO- (see Table 2). The precise mechanisms for the formation of
HPACET (also HPAC) in the isomerisation pathway are unaertaut experimental evidence shows clearly that these comgts are formed.
Photolysis accounts for 77% of the global HPACET sink, whereeaction wittOH and deposition account for 19 and 4%, respectively.
The only significant sink of MVA, the main product of HPACETqghlysis, is reaction wittOH, assumed to forrtHs COOH (along with

OH andHCHO) with a 50% vyield, following a mechanism similar as for VA+@8o et al., 2014). The calculated contribution of HPACET
photolysis to theCH; COOH concentration (Fig. 6(b)) is highest over forests (excaptreas impacted by biomass burning), up to 40%
(200 pptv) over Southeastern U.S., and 50% (up to 300 ppesn Amnazonia.

3.5 Global budget of glyoxal

The global sources of glyoxal as calculated by the model anengarized in Table 7. Contrary to previous model evaluati@i¥u et al.,
2008; Stavrakou et al., 2009b; Li et al., 2016; Chan Millealet2017; Silva et al., 2018), isoprene oxidation is notito be a very large
source of glyoxal, except for the significant contributidngtycolaldehyde oxidation byDH which amounts tev4.7 TgClyr of glyoxal.
This has several causes. The oxidation of isoprensS ®y is now an almost negligible glyoxal source in our mechaniamiif the Caltech
mechanism), whereas an overall yield of 35% glyoxal wagiatefrom the MCMv3.2 mechanism (Stavrakou et al., 2009lred glyoxal
formation from ISOP + OH with a yield 0f-2% at high-NOx through thé-ISOPO2 +NO pathway (Galloway et al., 2011) becomes
negligible under ambient atmospheric conditions due toféisé unimolecular reactiongg-elimination and 1,6 H-shift) 06-ISOPO2
radicals resulting in very smaitISOPO2 fractions in the atmosphere (Peeters and Nguyé2, Beeters et al., 2014).

Furthermore, the oxidation of isoprene hydroxyepoxid€sP®X), which was believed to be a potentially significantoglgl source
(Bates et al., 2014; Li et al., 2016), is found to produce \igtlg glyoxal in atmospheric conditions due to the progbéast 1,4 H-shift in
the peroxy radicals IEPOXBOHOCHCH(OH)C(CHs)(02)CHO) formed from IEPOX +OH (Wennberg et al., 2018), outcompeting
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Table 7. Global sources of glyoxal in the model simulation.

Tg(C)lyr  Tg(GLY)lyr

Direct emissions

Biomass burning 1.58 3.8
Photochemical production
CoH +OH 2.39 5.8
Aromatics +OH 3.78 9.1
Monoterpenes oxidation 3.67 8.9
GLYALD + OH 4.69 11.3
IEPOX +OH 0.06 0.1
OCHCH2OOH + OH 0.39 0.9
HPALDs 0.35 0.8
ISOPOOH +OH 0.89 2.2
ISOP +NO3 0.12 0.3
Other pathways in isoprene oxidation 0.89 2.2
Total source
Global 18.8 45

its reactions witlNO andHO, (see Note N17). The 1,4 H-shift rate is very uncertain anddccba overestimated, but even a factor of 10
reduction of the rate would imply a fairly small glyoxal pradtion due to IEPOX €H (0.6 TgClyear).

Chan Miller et al. (2017) suggested that the DIHPCARPs frioenlt,6 H-shift ob-ISOPO2 partly undergoes a 1,5 H-shift to a dihydroper-
oxy dicarbonyl (DHDC, e.gOCHCH(OOH)C(CHs3)(OOH)CHO) which would quickly photolyze t&H + an oxy radical decomposing
to glyoxal and other products. However, even under the ggsomthat the 1,5 H-shift would be competitive, and altho@HDC photolysis
should indeed be very rapi@H elimination should be negligible (Liu et al., 2018), whesehe expected preferred dissociation pathway
involves formation of a formyl radical ©H + hydroperoxy dicarbonyls which might form glyoxal uponther photolysis, but at much
lower yields than in the mechanism of Chan Miller et al..

Finally, due to the fast photolysis of hydroperoxyacethjdke (HPAC), the fraction of the formed HPAC reacting Wik is small (23%),
and only a fraction of it gives glyoxal (along withH).

There are still large uncertainties in the mechanism, heweand direct experimental constraints on the glyoxabigiéh real atmospheric
conditions are lacking. Further work is needed to refine tieva estimates and identify additional sources, since frexdduations against
spaceborne and in situ glyoxal measurements suggest aghajechemical source (Stavrakou et al., 2009b; Li et alL62®ilva et al.,
2018).

4 Conclusions

We have presented a new BVOC oxidation mechanism for usege-kcale tropospheric chemistry-transport models. Hsrfocus is

on isoprene, owing to its high chemical complexity and vemgé share of global BVOC emissions: of the 99 organic chalnsipecies
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included in the mechanism, 91 compounds (71 stable comgoand 20 radicals) are involved in the chemical degradatfasaprene
alone. This mechanism incorporates all major mechanisiiargces from recent studies, in particular those affedtiegpudget oHOx and
NOx radicals. Mainly thanks té1O formation in isomerisation reactions of isoprene-deripedoxy radicals, and furthéH recycling
through secondary reactions, the mechanism goes a longnaaxplaining the large underestimations of model®d concentrations in
isoprene-richNOx-poor areas which prompted the community to searclfdrrecycling mechanisms about a decade ago (Lelieveld et al.,
2008; Hofzumahaus et al., 2009). The representation of regmene chemistry is much cruder, due to the still very poolesstanding of its
formidably complex mechanism. The simple monoterpene ar@sh included here is only meant to provide an approximggeoduction

of the yield of key OVOCs produced in their oxidation, basadox model simulations with the Master Chemical Mechanistg@If).

Although smaller than e.g. the Caltech mechanism or the M&BIL, this isoprene mechanism is larger than most meaharniis-
plemented in large-scale models, and probably more ddttikn strictly needed for many modelling purposes, suclh@ptediction of
isoprene impacts on HOx, NOx, and ozone. Reduction tecksigould be implemented to lighten the mechanism whilenigigiits most
essential predictions, but since its current size and eegfaletail can be handled by MAGRITTE, we find it useful to keeps is in
order to facilitate further analysis of model results anaife mechanism updates. As pointed out by Wennberg et dl8j2¢he distinction
between isoprene peroxys resulting fréil addition to C1 and C4 is essential in view of the order-of-nitagle difference in bulk iso-
merisation rates (Fig. 2) and in the difference in the natditbe resulting products. For example, the distinctionactp also the fate of the
first-generation hydroxynitrates, given the efficient lohgsis of the tertiary nitrate formed following C1-addiioNote that the hydrolysis
rates remain very uncertain. Due to our assumption of vesytétiary nitrate hydrolysisy(= 0.1), about 75% of the global sink of the
1,2-isoprene hydroxynitrate is due to this process. Themaght be possibly too high, but it accounts for the fast aNdrydroxynitrate
loss observed in campaign measurements. This aspect ofetieamism will be revised when quantitative experimentétmeinations of
heterogeneous processes and rates will become available.

Although many parts of our isoprene mechanism rely on théeClaimechanism, there are notable differences. For exampkreas the
DIHPCARPs formed from the 1,6 H-shift of the#hydroxyperoxy radicals are bypassed in the reduced Caftexchanism and replaced by
simple products, they are assumed here to undergo fast $hftte formCO, OH andC, dihydroperoxycarbonyl compounds. The further
chemistry of the latter compounds leads in part to the samplsiproducts implemented in the Caltech mechanism, atine different
(and variable) yields. Other pathways might be possibleyever (Novelli et al., 2018b); more work will be needed tdakly assess this
important chemistry (60—75% of the 1,6-isomerisation paty) or~35 Tg(C) yr 1). In that context, rationalizing the laboratory consttain
on the HPAC and HPACET yields is clearly desirable.

A major difference between the present and previous isepneechanisms lies in the very fast photolysisaefiydroperoxycarbonyls
(Liu et al., 2018), leading in several important cases toftlemation of an enol which is for a large part oxidized Oy into formic or
acetic acid. Also new to this mechanisthCOOH is formed from theD H-oxidation of keto-enols (HMVK and HMAC) produced from the
photolysis of several multifunctional carbonyls. Thistpaay of HMVK/HMAC is all the more relevant as their photolyss likely much
slower than previously thought. More generally, the ox@abf enols formed from the oxidation of isoprene, acetaydie and acetone by
OH is a potentially large, previously unsuspected sourazadjoxylic acids here estimated at 8 Hg{OOH) yr—! (slightly larger than the
contribution of alkene ozonolysis) and 17 Td{zCOOH) yr~!. In both cases, this source amounts>t80% of the total identified global
source, which remains however largely insufficient to aotdar the atmospheric observations (e.g., Paulot et allXP0 Further experi-
mental and theoretical studies of multifunctional carbghpotolysis and enol oxidation are required to confirm arftheethose estimates.
The source could be larger due to the neglected contribatidrydroperoxycarbonyls formed from higher anthropogeMidVVOCs (e.g.
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higher ketones and their precursors) and possibly monertegp Moreover, the contribution of acetaldehyde phottatian could be much
higher than estimated here, considering the large undi@sin of its calculated concentrations at remote locetiRead et al., 2012).

Evaluation of MAGRITTE and of its new chemical mechanismiasfathe SEACRS campaign measurements indicates a good overall
model performance for the main isoprene oxidation proditéserogeneous reactions of IEPOX and organic nitrategrsals are a large
area of uncertainty, with suggestions of heterogeneodsasiarestimation for tertiary organic nitrates and sink enegtimations for other
isoprene nitrates. The totRIONO, concentrations are underestimated by almost 50%, pog#ilelfyo misrepresentations of nitrates due to
e.g. monoterpenes and anthropogenic precursors. The ken@dCH3; ONO- levels are well reproduced by the model, providing a strong
indication for a very low nitrate yield< 3 - 10~*) in the CH302+NO reaction.

Code and data availability. The chemical mechanism is available at http://tropo.a@roe.be/index.php/models/magritte in KPP (Kinetic
Pre-Processor) format (doi:10.18758/71021042, lastacd® December 2018). Other relevant subroutines of the RIAGE model can be
made available upon request (email: @eronomie.be). The SEARS airborne trace gas measurements are available from tB&ANARC

Airborne Science Data for Atmospheric Composition (htfpsvw-air.larc.nasa.gov/missions/merges/, last acces®ecember 2018).
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