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Abstract

We revise the Carbon Bond chemical mechanism tboitkprepresent three Stabilized Criegee
Intermediates (SCIs) and their subsequent reactitthssulfur dioxide, water monomer, and
water dimer, and incorporate the reactions into@bemunity Multiscale Air Quality model.
The reaction of sulfur dioxide with SCI produce#fic acid which partitions into sulfate. We
examine the impact of sulfur dioxide oxidation BgI®n sulfate using two different measured
rate constants for the reaction of sulfur dioxidd &CIl. When we use the higher rate constant
and emissions estimates from the Biogenic Emisdiorentory System, it enhances monthly
mean sulfate in summer by ~20% in biogenically &ctiveas. Enhancements are driven
primarily by SCI produced from the reactions ofdgaically derived alkenes and ozone. The
use of the lower rate constant only marginally exea sulfate since it is 65 times lower than the
higher rate constant. We performed several sengianalyses to investigate the impacts of
uncertain biogenic emissions and SCI loss rateenWe use the higher rate constant and
emissions estimates from the Model of EmissionGasdes and Aerosols from Nature, it
enhances monthly mean sulfate by ~75%. A simulatging the lowest reported rate constant
for the reaction of SCI and water indicated the mmaxn enhancement of sulfate from this
chemistry was up to 4 pgfover a 24-hour period in some locations in thetSeastern U.S..
Predictions without the SCI reaction are lower tbheerved sulfate while predictions with the

SCI reaction improve the agreements with obsermatio

Keywords. Stabilized Criegee Intermediate; alkene; ozondusdioxide; sulfate; water;

oxidation
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1. INTRODUCTION

Aerosols cause adverse health impacts (Pope @08R), degrade atmospheric visibility (Malm
et al., 1994), and alter Earth’s energy balancerfify et al., 2009). Sulfate (S8 is an
important component of atmospheric aerosols, caimyiup to 60% of atmospheric aerosols in
the U.S (Hand et al., 2012). $@rimarily forms from gas- and aqueous-phase o>ddati

sulfur dioxide (SQ) by various atmospheric oxidants (Seinfeld andd®ar2006). Gas-phase
oxidation by hydroxyl radical (HO) and aqueous-ghasidation by hydrogen peroxide are
thought to produce the majority of atmospheric,S(Sofen et al., 2011).

Calvert and Stockwell (1983) first proposed tha&t tbactions of Stabilized Criegee Intermediate
(SCI) with SQ are important for production of organic acids aotfate and incorporated the
reactions into the Regional Acid Deposition Meckam{Stockwell, 1986). These studies found
that SCI intermediates could be important oxidémtsSO, at high VOC to NQratios (VOC=
Volatile Organic Compounds and N© Oxides of Nitrogen) and at low relative humidity
Recent laboratory and field experiments (Welz et28l12; Mauldin et al., 2012; Carlsson et al.,
2012; Taatjes et al., 2013) more strongly show @ragee Intermediates can oxidize, 8@

SO, Welz et al. (2012) studied the reaction of,%0d formaldehyde oxide (GBO) using
direct measurement technique and measured a naséaoo of 3.9x18" cm® moleculé' s* for

the reaction. This value is greater than any gtineviously reported rate constant. They
suggested that S@xidation by Criegee Intermediates can enhancé $@as much as SO
oxidation by the HO pathway. Mauldin et al. (20t&)orted a lower rate constant of 6.0%10
cm® moleculé' s* for the oxidation of SPby Criegee Intermediate though they used different
Criegee Intermediates than the study of Welz gRal12). They suggested that oxidation o£SO
by HO alone could not explain the observedSi@ a boreal forest in Finland. However, the
oxidation of S@ by HO and SCI was sufficient to explain the,$6bserved in their
measurements in boreal forests. Carlsson et d2(3@erformed experiments in a static variable
pressure reaction chamber to study particle foonaduring ozonolysis d3-pinene and 2-
butene. They measured rate constant similar teahe reported by Welz et al. (2012) and
suggested that it provides a reliable estimatsddistituted and larger SCI. Taatjes et al. (2013)
directly measured rate constants for the oxidadfo®O, by two conformers of acetaldehyde
oxide Eyn-CH;CHOO andant-CH3CHOO). They also reported high rate constant (sintd the



103 findings of Welz et al., 2012) and suggested a@maCH;CHOO is more reactive thagn-

104 CH3;CHOO.

105

106 The impact of S@oxidation by SCI depends on the relative abundah&ClI (Vereecken et al.,
107 2012). The main loss mechanism of SCI from the aphere is its reaction with,B. While

108 several recent studies directly measured the matstant for the SCI + SQeaction, only Welz
109 etal. (2012) and Taatjes et al. (2013) reportediirect measurement of the rate constant for the
110 SCI + KO reaction. However, they reported an upper linot, the actual rate constant. Previous
111 studies determined the rate constant of the SCIG-fidaction either by indirect measurements
112 or estimations. Indirect measurements quantifieddhative rate to that of the SCI + §O

113 reaction and used it to derive the rate constarth® SCI + HO reaction. Since the rate constant
114 of the SCI + SQreaction varied among different studies, the regabrate constant for the SCI +
115 H,0 reaction also varied (Hatakeyama and Akimoto4}).99

116

117 Anglada et al. (2011) and Vereecken et al. (20b2@dhthat the type of conformer as well as the
118 type of substitution in the SCI affects the ratastant for the reaction of SCI and® Anglada
119 etal. (2011) used computational chemistry to stedygtions of fifteen different SCls with,&

120 and found that rate constants vary by ten ordersagfnitude for reactions of substituent

121 carbonyl oxides and 4#D. They reported higher rate constants for theti@as foranti-

122 conformers with HO than the reactions gyn-conformers with HO. When both H molecules in
123 formaldehyde oxide were substituted by{Cthe rate constant was calculated to be ~4%X 10
124  cm® moleculé' s*; however, substituting one H molecule by {ztid one H molecule by

125 CH=CH, resulted in significant smaller rate constantsveen ~3 x 18°- 8 x 10'® cn?

126 moleculé' s*,

127

128 Several studies suggest that the SCI loss cannollipe@ccounted for with the SCI +0

129 reaction alone and that reactions with water diraeeskey to properly characterizing this loss.
130 Ryzkhov and Aryia (2004) suggested that reactioesraf SCI and water dimer [§B),] are

131 greater than those of SCI and® Ryzhkov and Ariya (2006) reported that SCI +@ht and

132 SCI + (HO), reactions proceed at much slower rates than EL®), reaction [(HO); = water

133 trimer) and (HO), = water tetramer]. Based on computational chegistereecken et al. (2012)



134 calculated rate constants of the reactions of@bBland CHC(H)OO with (HO), to be five

135 orders of magnitude greater than the corresponaiactions with HO. Finally, Long et al.

136 (2011) conducted a theoretical study and repohatieéxperimental rate constant for SCI #0H
137 is inconsistent with the theoretical estimatesei8CI also reacts with ¢)..

138

139 Several studies have incorporated this chemistoyvarious types of models in order to quantify
140 its effects on atmospheric $Oconcentrations. Boy et al. (2013) incorporated Bl a zero-
141 dimensional model and compared predictions to teasurements in VOC-rich environments
142 from Finland and Germany. They employed reactidrid@ with other compounds [including
143 H,0 but not (HO),] contained in the Master Chemical Mechanism (MCM)ey used the

144  Mauldin et al. (2012) reported rate constant fer 8CI + SQreaction and suggested that the
145 SO, oxidation by SCI contributes up to 50% of the nuead atmospheric sulfuric acid {60).
146 Pierce et al. (2012) incorporated the Criegee cbigyninto GEOS-Chem, used the Welz et al.
147 (2012) reported rate constant for the SCI + 8ction, and a rate constant of 1.6 X 1€’

148 moleculé® s* for the SCI + HO reaction following the MCM. They reported thagithanced
149 predicted global E5O, production by 4% with as much as 100% incread#,80,

150 concentrations in forested regions. Sarwar eR8ll8) used the Community Multiscale Air

151  Quality (CMAQ) model to examine the impact of S&xidation by SCI on regional S©

152 concentrations. They used the absolute rate cdrfstathe SCI + S@reaction reported by Welz
153 etal. (2012). In the absence of any direct measen¢ for the SCI + kD reaction, they followed
154 the suggestion of Hatakeyama and Akimoto (1994)derived a rate constant of 2.0 x?@n?®
155 moleculé* s* for the reaction using the relative rate constativ. Using this value for the SCI +
156 H,0 reaction and the Welz et al. (2012) reportedevétn the SCI + S@reaction, they found
157  that the SCI chemistry does not enhance”3ce most SCl is lost by the reaction witfCH
158 However, based on a sensitivity simulation usihgweer rate constant for the SCI +©®

159 reaction, the study concluded that the SCI % B&@hway would enhance $0under those

160 conditions. Due to the uncertainty in the SCI s0Hate constant, they suggested further

161 investigation. Li et al. (2013) also applied the E®I model to examine the role of SCI on

162 sulfate formation over the eastern U.S.. They iiygieted the MCM into the CMAQ model,
163 utilized 36-km horizontal grid-resolution, and sileed air quality for 10 summer days in 2006.
164 When they used the higher rate coefficient forrgreetion of S@+ SCI as reported by Welz et
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al. (2012) and the lower rate constant for thetrea®f H,O + SCI used in the MCM, mean
sulfate concentration increased by up to 18% coetptr those obtained with the lower rate
constant for the SO+ SCI reaction used in the MCM. However, when thegd a higher rate
constant for the reaction of,8 + SCI (the same value used by Sarwar et al.,)20i€an sulfate
concentration increased by less than 0.5% comparttbse obtained with the lower rate
constant used in the MCM. The range of reportegl cahstants for both the SCI + S&hd the
SCI + HO reactions and the resulting range in modelindifigs suggest that more work is
needed to accurately quantify the impact of thisnaistry on the conversion of 3@ SQ?.
Here, we take into account the best current inftionaon both the SCI + Snd SCI + HO
reaction rates to re-examine the impact of 8&dation by SCI on S using the CMAQ
model.

2.METHODOLOGY

2.1 Model framework

The impact of Criegee chemistry on @oncentrations is characterized by performing $ets

of model simulations, one of which includes Criegg®lation chemistry and the other does not.
Differences in the results between the two simaretiare attributed to the $0xidation by SCI.
Sarwar et al. (2013) described the details of tNAQ v5.0.1 model\www.cmascenter. ojg
(Binkowski and Roselle, 2003; Byun and Schere, 20@6ch is also used in this study. The
model uses the 2005 Carbon Bond chemical mechamidnupdated toluene chemistry
(CBO5TU) (Whitten et al., 2010).

Model inputs are summarized briefly here. The WelaResearch and Forecastiwgrsion 3.3)
model (Skamarock et al., 2008) is used to deriveearelogical fields. The Sparse Matrix
Operator Kernel Emissions (SMOKE) model (Houyouxrlet2000) is used to prepare model-
ready emissions using the 2005 National Emissiownsrtory (vww.epa.gov/ttn/chief/ net/
2005_nei_point.pdf The Biogenic Emissions Inventory System (BEM&rgion 3.14) is used

for preparing biogenic emissions (Schwede et 8D52.
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Model simulations are performed for January, Jahd August, 2006. January is used as a
representative winter month while July and Augustwsed as representative summer months.
The model performance statistics foy &d PM s are similar to those reported by previous
investigators (Eder and Yu, 2006; Appel et al.,2Z(@Dley et al., 2010); thus the model is
suitable for examining the impact of the S&idation by SCI on S§.

2.2 Criegee chemistry

In previous analysis, Sarwar et al. (2013) useid@e SCI to describe the impact of Criegee
chemistry on S&. As indicated earlier, the relative importancehi$ chemistry depends on the
abundance of different SCI species since they kasty different removal rates from the
atmosphere. Here we extend the Criegee chemissgdoan MCMv3.2 (Jenkin et al., 1997,
Saunders et al., 2003; wwwem.leeds.ac.uk/MCMo use three different SCls due to their
different reaction rate constants with@H(Anglada et al., 2011). CBO5TU contains 6 alkenes
(ETH, OLE, IOLE, ISOP, ISPD, TERP) and their reat with Q; SCI yields for these
reactions are added to CBO5TU. In addition, reastior each of these SCls with S&hd HO
are added to the chemistry. These reactions arenauged in Table 1.

We use CHOO (SCI1) to represent SCI formed from both thetiea ethene (ETH) + ©and

the reaction of terminal olefins (OLE) +sO'he SCI yield for the ETH/€xeaction described by
Sarwar et al. (2013) is consistent with the valseduin MCMv3.2 and is also used in this study.
The yield of SCI1 formed from the reaction of OLda0; is also taken from Sarwar et al.
(2013).

SCI2 is produced from the reaction of ®internal olefin (IOLE), a four carbon lumped afie
chemical species. The reaction of IOLE andh@duces an ozonide that breaks down to
generate a two carbon SCI (6EHOO). Anglada et al. (2011) suggested two differeomers

for CHsCHOO: yn-CH;CHOO andant-CH;CHOO. They reported a rate constant of 3.23 %10
cm® moleculé' s* for the reaction oéint-CH;CHOO with HO and a rate constant of 3.23 x40
cm® moleculé' s* for the reaction ofy,-CHsCHOO with HO. Here, we useys-CH;CHOO
(SCI2) to represent the SCI from IOLE/@action to minimize the loss of SCI by®and



225 maximize S@ production, and the yield described by Sarwat.€2813). As discussed later,
226 the choice of the rate constant is irrelevant sitegnpact on S¢ production is small.

227

228 Following the detailed chemistry in MCMv3.2, we plgment the CBO5TU to include SCl yield
229 of isoprene (ISOP). The reaction of ISOP andg®duces several different SCls including

230 CHOO0 (SCI1) and four-carbon SCls. Several differsotriers are possible for the four-carbon
231 SClis and rate constants of their reactions wif® Hiso vary. Anglada et al. (2011) described the
232 rate constants for nine different monomers. Se¥é¢heorate constants are on the order of 2410
233  cm® moleculé' s*, one rate constant is ~¥cm® moleculé' s* while the other rate constant is
234 ~10"cm® moleculé s*. We represent the four-carbon SCI by usiyig@Hs-anti-(cis-

235 CH=CH,) CHOO (SCI3) following Anglada et al. (2011).

236

237 CBO5TU uses a lumped species (ISPD) to represeptase reaction products. We use SCI3 to
238 represent SCI from the ISPD/@eaction. We apply the procedure described bye€§1996) for
239 deriving the SCI yield from the ISPD{@eaction. Carter (1996) used 10% of methacrolein
240 (MACR), 60% of methyl vinyl ketone (MVK) and 30% ohsaturated C5-aldeydes to derive
241 parameters for ISPDAJeaction. We use the SCI yields in MCMv3.2 forateans of MACR

242 and MVK with Gs. For the SCI yield of unsaturated C5-aldeyda#action, we use the value of
243 MACR/O;3 reaction. Such assumptions have been used inagenglother chemical mechanisms
244  (Goliff et al., 2013).

245

246 We follow the detailed chemistry in MCMv3.2 to iredithe SCI of TERP/§xeaction and their
247  vyields. Carter (2000) described the chemistry oRPPRISINg weighted averaging @fpinene 3-
248 pinene, d-limonene, 3-carene, and sabinene. WthaseCl yields in MCMv3.2 for reactions of
249 O3 with a-pinene f3-pinene, and d-limonene. The detailed chemisti§-carene is not available
250 in MCMv3.2. Ma et al. (2008) conducted chamber eixpents involving 3-carene ands@nd

251 suggested that SCI yield of 3-carene should berdhwan that ofx-pinene. We use the SCI yield
252  of a-pinene for 3-carene. The detailed chemistry oirgate is not available. However, the

253 structure of sabinene is similarfiepinene so we use the SCI yield to be the samiea$ar 3-

254 pinene. SCI3 is used to represent SCI from the TERRRaction.

255



256  For reactions of SOwith SCI1, SCI2, and SCI3, we employ a single catestant reported by
257 Welz et al. (2012). For SCI1 +,0 we apply the rate constant of 2.40 x*16m® moleculé' s*
258 (Table 1) suggested by Sarwar et al. (2013) whadiwo times lower than the upper limit

259 measured by Welz et al. (2012) and slightly lovramntthe theoretical estimates of 3-5 X310
260 cm® moleculé s reported by Anglada et al. (2011). However, tfikie is greater than the
261 value of 1.0 x 10’ cn® moleculé' s* used in MCMv3.2. For SCI2 +4@ and SCI3 + KO we
262 use rate constants of 3.23 x*#@nd 1.97 x 18° respectively (Angalda et al., 2012). Our rate
263 constant for SCI3 + 4D is similar to the values of 2.0-6.0 x &n?® moleculé' s* used in

264 MCMv3.2.

265

266 We also implement the reactions of SCI1, SCI2, S@tB (H,O),. Vereecken et al. (2012)

267 reported a rate constant ratio of 3.5 X il the reactions of SCI1 with @), and HO, 1.6 x
268 10’ for the reactions of SCI2 with @), and HO, and 4.1 x 1dfor the reactions of SCI3 with
269 (H.0),and HO. We use these ratios to calculate rate constantse reactions of SCI1, SCI2,
270 and SCI3 with (HO),. Similar to Vereecken et al. (2012), we also camstthe estimated rate
271 constant with a physical upper limit of 1.0 x%2@n?® moleculé' s*. We calculate (kD) using
272 [(H20);] = Keg X [H20] (Shillings et al., 2011), wheregl(0.04 atnt) is the equilibrium constant
273 for dimer formation (Vereecken et al., 2012). Thedel uses WRF predicted,® mixing ratios.
274 It should be noted that such reactions are not usBtCMv3.2. Previous modeling studies (Boy
275 etal., 2013; Pierce et al., 2012; Sarwar et 81132 Li et al., 2013) did not use such reactions
276 either.

277

278 While not important, we also implement the reactdiBCI1, SCI2, and SCI3 with NGor

279 completeness (rate constant taken from Welz e2@1.2). SCI can also react with other chemical
280 species; however, they generally do not play sultislaoles in affecting the fate of SCI in the
281 atmosphere (Vereecken et al., 2012) and thereferaa considered in this study.

282

283 3. RESULTSAND DISCUSSIONS

284
285 3.1 Impact of the SO, oxidation by SCI on SO,

286



287  3.1.1 Domain-wide mean SO4* concentrationswithout and with SCI initiated reaction

288 The surface-level domain-wide monthly mean/S@oncentration obtained without the SCI

289 reactions is 1.1fuig/m*in January, 1.6Qg/m’in July, and 1.5%g/m’in August. The oxidation
290 of SO, by SCI enhances the domain-wide monthly measf $©ncentration by 0.0fg/m® in

291 January, 0.1@ig/m?in July, and 0.0ig/m® in August. While the Sgoxidation by SCI

292 enhances S§ both in winter and summer months, it produces n&@¢ in summer than in

293 winter.

294

295 3.1.2 Spatial and seasonal variation of the SO, enhancements dueto SO, oxidation by SCI
296 Predicted monthly mean $Oconcentrations without the SCI initiated reactians

297 enhancements with the SCI initiated pathway areveha Figure 1. In winter, the S@xidation
298 by SCl increases monthly mean S the southeastern U.S. and Mexico by 0.15-Qu@on’.

299 However, it increases SOby 0.15-1.2Qug/m° over a large area across the eastern U.S. during
300 summer months. The impacts are especially pronalincéhe southeastern U.S. where

301 summertime enhancements exceed.fn’. Criegee chemistry leads to smaller increases in
302 SO (0.15-0.3ug/m’) in California and other areas in western U.S. dusammer months. In
303 addition to causing larger enhancements in°S®the summer than in the winter, Criegee

304 chemistry also leads to increases over a more gixtegeographic area during the summer than
305 during the winter.

306

307 Inthe model simulations, S®enhancements are primarily the result of the &ddation by

308 SCI3 which is produced from the reactions of biogelerived alkenes and;OAt 1.0 atm and
309 50% relative humidity, we calculate that most ol 5G99%) and SCI2 (>90%) are lost by their
310 reactions with HO and (HO), and thus are unavailable for reacting with,S® contrast, only
311 ~10-20% of SCI3 is lost by its reactions withkGHand (HO), under similar conditions.

312

313 Although not shown here, predicted SCI3 concemnatin winter are small due to low

314 emissions of biogenic precursor VOCs. In contrasing summer, larger biogenic emissions
315 result in much higher simulated SCI3 concentratidvkile predicted summertime SCI3

316 concentrations are lower than HO levels, the prodncates of SGF via the SCl initiated

317 reaction are similar to or greater than those wWithHO initiated pathway. As a reference, the

-10 -
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rate constant for the reaction of SOHO at 1.0 atmosphere and 298 K is 9.5 X1’

moleculé! st

3.1.3 Temporal variation of the SO,* enhancements

We examine the day-to-day variability of the SGtied SQ* enhancements by calculating an
area-wide daily mean value over 490,00C kmsoutheastern U.S. [see black rectangle in Bigur
1(d)]. Predicted area-wide day-to-day variationdaily mean S@ enhancements due to the
SCl reaction are shown in Figure 2a for July. Gheés area of the Southeast, the SCI chemistry
enhances daily mean summer,$®y 0.2-1.4ug/m’. Day to day variation in SO

enhancements track the product o,%@d SCI3 (r = 0.89) (Figure 2a) which supports the
conclusion that the SCI3 initiated reaction is mesgble for the S¢Fenhancements. The day-to-
day variations in the product of $@nd SCI3 are largely driven by variability in Skkut are

also affected to a lesser extent by day-to-day gésim SCI3.

Monthly average diurnal variations are shown fa shme region examined for daily variations
(Figure 2b). Predicted SO concentrations without the SCl initiated pathwes latively
constant throughout the day. Although.$@oncentrations are enhanced by Criegee chemistry
at all hours, the enhancements are greater at. Aigts diurnal pattern is driven by the relative
availability of the two oxidants. Predicted HO centrations are relatively small at night and
peak during the day while predicted SCI3 concelainatare relatively constant. Predicted SCI3
concentrations are greater than the nighttime HOegdeading to greater nighttime production
rates of SG via the SCl initiated pathway than via the HOiatiéd pathway. Conversely,
predicted SCI3 concentrations are substantiallyelotvan the daytime HO values, causing

daytime production rates of $0to come predominantly from the HO initiated pathwa

3.2 Impact of the SCI initiated SO, oxidation on SO, with alter nate biogenic emissions
estimates

Since the SCl initiated S@xidation enhances more $On summer, we performed two
additional simulations in July using biogenic enmss inputs derived from the Model of
Emissions of Gases and Aerosols from Nature (Geemthal., 2012): one without the SCI

initiated reaction and one with the SCI initiatedctions. Predicted monthly mean.SO

-11 -
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concentrations from the MEGAN sensitivity withobetSCl initiated reaction and related
enhancements are presented in Figure 3. The domd@émonthly mean S§& concentration
obtained without the SCI initiated reaction is 1.&#m® (slightly lower than the 1.Ag/m®

obtained using BEIS emissions). The SCI initiategction enhances the domain-wide monthly
mean S@ by 0.20ug/m? (twice as much as the enhancement with BEIS eomiski With
biogenic emissions estimates of MEGAN, the SClatgd reaction increases $O
concentrations by 1.2-24g/m?® in the eastern U.S., also about two times grehager the
enhancements in the eastern U.S. with emissioimatss from BEIS. These differences are due
to the much larger eastern U.S. biogenic emissgtimates from MEGAN than from BEIS.
Pouliot and Pierce (2008) examined emissions fr@&tSBand MEGAN and reported that
MEGAN produces 60% more isoprene emissions thasetfrom BEIS. Carlton and Baker
(2011) compared modeled isoprene concentrationsgetsurements in the Ozark mountains and
reported that MEGAN emissions led to model ovedptgons of surface isoprene while BEIS
emissions led to model under-predictions of surfasprene. Hogrefe et al. (2011) also studied
the impact of biogenic emission uncertainties oonezand fine particulate matter in eastern U.S.
and reported that MEGAN estimated biogenic emissame much greater than those estimated
by BEIS. Predicted isoprene concentrations with MBGestimated emissions were much
greater than the observed levels while predictegrene concentrations with BEIS estimated
emissions were closer to the observed levels. itreased biogenic VOC concentrations affect
SO chemistry in several ways. First, HO levels amesahat depressed in the MEGAN case
due to more loss via HO + VOC reactions. Preditigd, levels are greater with the MEGAN
case. These lead to slightly lower 8@oncentrations when no Criegee chemistry was
simulated. Second, and more significantly, incrddsegenic emissions lead to enhanced SCI3
levels. Collectively, these suggest that the sitedlaelative importance of Criegee chemistry on
SO* formation is heavily dependent on biogenic emissiestimates.

3.3 Impact of the SO, oxidation by SCI with alternative rate constants

We performed a series of four sensitivity simulasi®o investigate the impact of uncertain rate
constants involving SCls. First, an additional daion using BEIS estimated emissions was
completed with the lower rate constant reported/layldin et al. (2012) for the SCI3 + SO

reaction (65 times slower than the Welz et al.,2@dlue). The rate constants for SCI1 +SO

-12 -
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and SCI2 + S@reactions are not changed for this simulation. Kliawet al. (2012) did not
report any rate constant for the reaction of S ldsO; thus, we assume the rate constants in
Table 1 for this sensitivity. The use of the lowate constant for the SCI3 + $@action only
marginally increases SO concentrations. For example, daily mean’S&ncentrations without
the SCl initiated reaction and enhancements oldaith the SCI initiated reaction for July 1
are shown in Figure 4(a-b). Daily mean enhancenwttsined with the lower rate constant
ranged from 0.05-0.1fg/m’, compared to enhancements of up to 0.348/6n°in the original

simulation (Figure 4(c)).

Boy et al. (2013) implied that Mauldin et al. (2032lue is not an absolute rate constant for the
reaction of SCI with S but rather an effective rate constant forS@roduction by the SCI
reaction that already accounts for the loss willeothemical compounds. Thus, we perform a
second sensitivity simulation using SCI3 +,3@d without any reactions of SCI3 with®{
(H20),, and NQ. The resulting daily mean S&enhancements for July 1 are shown in Figure
4(d). This new “net” reaction rate produces;$®nhancements that are ~2 times greater than
the enhancements obtained with the higher ratetaoinsf Welz et al. (2012). Thus, further
clarification on the use of the lower rate constaprted by Mauldin et al. (2012) is needed.

Third, as indicated earlier, Anglada et al. (20ddlrulated rate constants for the reactions of
different SCls and k0. The lowest calculated value was 2.93%1®olecules cii s*. We
performed another simulation by using this lowedte for the rate constant for the reaction of
SCI3 and HO and by additionally adjusting the rate constantlie reaction of SCI3 and

(H20).. All other conditions were unchanged. Predicteityadaean sulfate enhanced by ~1.8-4.0
pg/m® in the southeast U.S. (Figure 4(e)) while the eckanents obtained with the higher rate
constant for SCI3 andJ® were ~1.0-2.6ig/m’ in the southeast U.S. (Figure 4(c)). Thus, the use
of the lower rate constant for SCI3z®i produces substantially greater sulfate whichhgnt

emphasizes the role that the SCI3/water reactiaysgh enhancing sulfate.
Vereecken et al. (2012) suggested that SCls carualdergo unimolecular decomposition and

reported first order rate constants for their neast The fourth sensitivity simulation was

performed by accounting for unimolecular decompasiof SCI1, SCI2, and SCI3 with the
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following first order rate constants: 0.38 for SCI1 (Fenske et al., 2000), 0.388fsr SCI2
(Vereecken et al., 2012), and 0.2fer SCI3 (Vereecken et al., 2012). For this sirtiala we

used the lowest rate constant for the reactiond8%nd HO and appropriately adjusted the

rate constant for the reaction of SCI3 and@} as was done for sensitivity #3 described in this
section. Predicted daily mean sulfate enhancenagatshown in Figure 4(f) and ranged between
~1.2-3.5ug/m® in the southeast U.S.. Enhancements decreasepl foy~0.5ug/m® compared to
the enhancements obtained with the lower rate aohir the reaction of SCI3 ang®l alone

as shown in Figure 4(e) due to the loss of SCl3mianolecular decomposition. This further
underscores the need for accounting all importasg pathways of SCI for accurately examining

the impact of SClI initiated S{@xidation on sulfate.

3.4 Comparison of predicted SO, with observed data

Comparisons with ambient data are conducted tamete whether Criegee chemistry produces
more realistic modeled SO concentrations. Comparisons are made between ewedab
observed values at monitoring locations in the &ast).S. defined by the black rectangles in
Figure 1(d) and Figure 3(b) for the BEIS and MEGegdses, respectively. Measurements came
from the Clean Air Status and Trends Network (CA&T) the Interagency Monitoring of
Protected Visual Environments (IMPROVE), the Chah&peciation Network (CSN), and the
Southeastern Aerosol Research and CharacteriZ@BARCH) monitoring sites in southeastern
U.S.. It should be noted that CASTNET measuremar@seported as weekly averages while
IMPROVE and CSN measurements are reported as aalyages once every three days.
SEARCH measurements are made hourly but were agigetp 24-hour averages for this
analysis for comparison with other networks. Figbishows that model predictions without the
SCl initiated pathway are lower than the obsenad ¢or CASTNET, IMPROVE, and CSN
monitoring networks (BEIS emissions) while prediot obtained with the SCI initiated pathway
generally agree better with the observed conceot@tAt the SEARCH sites, the results are
mixed than for the measurements made in other mkswAlthough the S predicted in the
base simulation (BEIS emissions) was generally fdhv@n observed concentrations, there are a
few time periods in which the model over-predicg@®. During times of model under-
predictions, the SCI initiated pathway tends tonowe model predictions but during the less

frequent period of model over-predictions, the Gee chemistry degrade performance slightly.
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Similar improvements in model performance are se¢he MEGAN case for CASTNET,
IMPROVE, and CSN monitoring sites. At SEARCH siti® Criegee chemistry sometime
improved performance but also sometimes lead toetrmeer-predictions for S§ similar in
magnitude to the under-predictions in the base Isition. In the BEIS simulations, the model
underestimation of S§ concentrations persists despite the Criegee erh@emts. In contrast,
this model underestimation in the MEGAN simulatiom$argely eliminated by the Criegee
enhancements. As previously indicated, MEGAN edeh&iogenic emissions are much higher
than those obtained with BEIS and enhanced $®edictions shown in the Figure 5 are the

direct result of these higher biogenic emissionsredes from MEGAN.

Availability of both SQ and S@* measurements at the CASTNET and SEARCH sites sliow
investigation into the model’s ability to captuhetamount of conversion from $@ SQZ.
Figures 6 and 7 compare the observed and preditasd fraction of sulfur in SO

32x S04
(m) at CASTNET and SEARCH sites, respectively. Maastions of sulfur in

64 96

SO* without the SCI reaction are lower than the obsémata which suggests missing,SO
oxidation pathways in the model. Mass fractionswfur in SQ with the SCl initiated S©
reaction are slightly greater than those obtaingdowt the SCI reaction in the BEIS case and
substantially greater in the MEGAN case. For afiidations, the addition of Criegee chemistry
brings the amount of S@onversion closer to observations. However, thdetesl mass fraction
is still lower than the measured fraction, suggeséither additional missing chemical pathways
or underestimates of reaction rates or oxidant @oinations. Note that iron and manganese
catalyzed aqueous $0xidation is already included in the model, butemainty in this

chemical pathway or underestimated cloud presenalel @lso contribute to the underestimated
mass fraction on cloudy days when aqueous-phaseistng is important for Sg formation.
Average cloud coverage was similar in July and Atagdowever, cloud coverage was more
prevalent in January than in July or August. Inudai, more cloudiness existed in north central
area of the modeling domain. Predicted, 8@ncentrations are generally higher than the
observed values as shown by comparing the predi&td SQ? in Figure 5 with the under
predictions of the mass fraction of sulfur in Figsi6 and 7.
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4. SUMMARY AND CONCLUSION

This work examines the impact of $&xidation by SCI on S§3 using two different rate
constants and two different biogenic emissionsreges. When the higher rate constant is used,
Criegee chemistry enhances the domain-wide montielgn SGF by 4.5% in winter and 5-6%

in summer. However, enhancements are much largegions with significant biogenic VOC
emissions. The use of MEGAN estimated biogenic simms results in larger enhancements of
SO compared to simulations using BEIS estimated d@arissvhich also suggests the need for
further evaluation of emissions estimates fromtiéhe models. Substantial uncertainty in rate
constants for both the SCI + $é&nd SCI + HO and SCI + (KHO), reactions lead to a wide range

of possible impacts.

Our results obtained with the higher rate constaported by Welz et al. (2012) for the S©

SCl reaction and the lower rate constant for th@ H SCI3 reaction reported by Anglada et al.
(2011) are consistent with the suggestion of Weld.€2012) who noted that Criegee reactions
can substantially enhance $00ur results are also similar to the findings isrée et al. (2012)
who reported that it enhances S@ppreciably in forested regions but not in un-$ted

regions. Our results obtained with the BEIS emissiare consistent to the findings of Li et al.
(2013) while impacts obtained with the MEGAN emiss are greater than the Li et al. (2013)
results. However, these new findings contrast ¢s¢treported by Sarwar et al. (2013), who
found that Criegee reactions minimally enhance®’S®he driver for these different findings is

the use of different rate constant for SCI3 s;OHeaction.

Our results with the lower rate constant reportged/llauldin et al. (2012) for the SG SCI

reaction and the lower rate constant for th® H SCI3 reaction reported by Anglada et al.
(2011) are different than the findings of Mauldiraé (2012) and Boy et al. (2013) who reported
that this reaction substantially enhances’Si® Finland and Germany. Possible reasons for such
inconsistent results include differences in the ehaded in the two studies, differences in the
rate constant used for the® + SCI3 reaction, and not accounting for the wfsSCI3 by the
reaction with (HO),. When we use the lower rate constant reported ayldin et al. (2012) for

the SQ + SCI reaction without any loss of SCI3 by wateenhances S which warrants
clarification on the use of the lower rate constapbrted by Mauldin et al. (2012).
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Results of this and other recent studies suggastlie SQ oxidation by SCI enhances $O

when both S@and biogenically derived SCI are simultaneousgspnt. Such enhancements
occur due to the use of the high rate constanthsSQ + SCI reaction and the low rate constant
for the HO + SCI3 reaction. While the high rate constantier SQ + SCI reaction has been
measured, the low rate constant for th©H SCI3 reaction is based on theoretical study
(Anglada et al., 2011). We believe the resultsgme=d, herein, are the upper limit of the impact
of the SQ oxidation by SCI since a low rate constant forth® + SCI3 reaction was used and

hope this study motivates others to measure ratstant for the KO + SCI3 reaction.

DISCLAIMER
Although this paper has been reviewed by EPA apdosed for publication, it does not
necessarily reflect EPA’s policies or views.
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Table 1: Criegee chemistry for CBO5TU mechanism

Reaction Reaction Rate constant Note

No. (cm® molecule® 51

118 Q+ OLE =... + 0.319*SCI1 Yarwood et al. (2005 Sanshal., 2013

122 Q+ETH=... + 0.37*SCI1 Yarwood et al. (2005 Sanghal., 2013

126 Q+ IOLE = ... +0.316*SCI2 Yarwood et al. (2005 ®ar et al., 2013

159 Q +ISOP = ... + 0.11*SCI1 + 0.11*SCI3 Yarwood et(@005) Used isoprene chemistry in MCMv3.2
162 Q+ISPD = ... +0.2022*SCI1 + 0.0806*SCI3]  Yarwooch&t(2005) Used weighted average of MACR/MVK rin$1CM
167 Q + TERP = ... + 0.0518*SCI1 + 0.1592*SCI3  Yarwoodikt(2005) Derived following MCMv3.2
CRO1 SCI1 + S@= SULF 3.90 x 10! Welz et al., 2012
CR02 SCI2 + S@= SULF 3.90 x 10! Welz et al., 2012
CRO3 SCI3 + S@= SULF 3.90 x 10! Welz et al., 2012
CR04 SCI1 + HO = 2.40 x 10° Sarwar et al., 2013
CRO05 SCI2 + HO = 3.23 x 16° Anglada et al., 2011
CR06 SCI3 + HO = 1.97 x 16° Anglada et al., 2011
CRO7 SCI1 + (HO), = 1.00 x 10° Vereecken et al., 2012
CRO8 SCI2 + (HO), = 5.17 x 16° Vereecken et al., 2012
CR09 SCI3 + (HO), = 8.08 x 10° Vereecken et al., 2012
CR10 SCI1 + N@= NO;, 7.00 x 10° Welz et al., 2012
CR11 SCI2 + N@= NO; 7.00 x 107 Welz et al., 2012
CR12 SCI3 + N@= NO; 7.00 x 10° Welz et al., 2012
Note:

0O; = ozone, OLE = terminal alkenes, ETH=ethene, |GliBternal alkenes, ISOP = isoprene, ISPD = isopreaction product,
TERP = monoterpene, SCI1 sE00 (Anglada et al., 2011 and Vereecken et al.22@ECI2 = gn-CH;CHOO (Anglada et al.,
2011 and Vereecken et al., 2012), SCI3m+GH;-anti-(cis-CH=CH) CHOO (Anglada et al., 2011 and Vereecken el 2),
SO, = sulfur dioxide, SULF = sulfuric acid, NG nitrogen dioxide , N@= nitrate radical, KD = water monomer, (H2@¥
water dimer, MCM = Master Chemical Mechanism.

OLE is a lumped species, represents terminal alefind is composed of two carbons. Sarwar et @L3Pderived a yield of
0.319 for OLE. However, they used only one SChim tnechanism. Since three SCIs are used here,en&#OLE
=0.319*SCI1.

ETH represents ethene and is composed of two carl&amwar et al. (2013) derived a yield of 0.37H®H which is consistent
with the value used in MCM. However, they used amlg SCI in the mechanism. Since three SCls a hesee, we use &
ETH =0.37*SCI1.

IOLE is a lumped species, represents internalrdefind is composed of four carbons. Sarwar ¢€2@13) derived a yield of
0.316 for IOLE. However, they used only one SCthi@ mechanism. Since three SCls are used heresev@u IOLE =
0.316*SCI2.

ISOP represents isoprene for which Sarwar et @ll3pderived a yield of 0.354. Here, we calculatields following MCM:
O3 + ISOP = 0.11*SCI1 + 0.11*SCI3.

ISPD is a lumped species, represents isoprendarguebducts (methyl acrolein, methyl vinyl keton@saturated aldehydes,
etc.) and is composed of four carbons. Based on M@&/Merive following yields for methyl acroleing® METHYL
ACROLEIN =0.3256*SCI1 + 0.0216*SCI3 and methyl yliketone: Q + MVK = 0.12*SCI1 + 0.12*SCI3. Sarwar et al. (2013
derived a yield of 0.472 for ISPD. Here we use \Ww&id average yields of methyl acrolein, methyl Vikstone, and unsaturated
aldehydes following Carter (1996)3® ISPD = 0.1045*SCI1 + 0.0741*SCI3. We use 10%nf@thyl acrolein, 60% for methyl
vinyl ketone, 30% for unsaturated aldehydes. S€ldgi for unsaturated aldehydes were taken equhbse of methyl acrolein.

TERP is a lumped species, represents monoterpaméss composed of ten carbons. Sarwar et al. j2068/ed a yield of
0.268 for TERP. Here, we use the following equatmnalculate SCI yield for TERP (Carter, 2000):

SCl yield for TERP = 0.4*APINENE + 0.25*BPINENE +13DLIMONENE + 0.15*3-CARENE + 0.1*SABINENE. Folloimg
MCM, we use APINENE = 0.2*SCI3, BPINENE =0.148*SC#10.102*SCI3, DLIMONENE = 0.135*SCI3. SCI yieldsrf3-
CARENE and SABINENE are not available in MCM. Maa&t(2009) suggested that SCI yield for 3-CARENMEBEdd be lower
than APINENE. For this work, we assume that itgaa to that of APINENE. For SABINENE, we assumattBCl yield is
equal to that of BPINENE since their structuressanalar.
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Figures

Figure 1: (a) Predicted monthly mean $Cconcentrations without SCI in January (b) SCliatétd monthly mean
enhancements in January (c) predicted monthly rS&afi concentrations without SCI in July (d) SCI iniéet
monthly mean enhancements in July. Biogenic emissiterived from BEIS. Observed values occurrindpiwithe
area outlined in Figure 1(b) are averaged for FdurObserved values occurring within the aredradlin Figure
1(b) are also used for comparing predicted’Sfith observed data in Figures 5(a-c) and 6(a-c).

Figure 2: (a) Time series of predicted daily mean enhan&@d Slue to the SCI chemistry and SOSCI3/20 for
the area shown in Figure 1(d) (b) diurnal chandesedicted SG without and with the SCI chemistry along with
HO and SCI3 for the same area. BEIS emissions uszd. S@x SCI3 has been divided by 20 and,$®y 60 to

fit into scale.

Figure 3: (a) Predicted monthly mean $Cconcentrations in July without SCI chemistry (MES&missions) (b)
SCl initiated monthly mean S©enhancements in July (MEGAN emissions). Area pedliin black rectangle in

Figure 3(b) is the area over which predicted’S@ncentrations are compared with observed datiginés 5(d-f)
and 6(d).

Figure 4: (a) Predicted daily mean $Cconcentration on July 1 without SCI chemistry () $hitiated daily mean
enhancements with Mauldin et al. (2012) reportée canstant (c) SCl initiated daily mean enhancemeh Welz
et al. (2012) reported rate constant (d) SCI itetladaily mean enhancements obtained with the Maeldal.
(2012) reported value as “net” rate constant [Hie constant reported by Mauldin et al. (2012)terSQ+SCI3
reaction was used as “net” rate constant withoutlass of SCI3 by reactions with,8, (H,O),, and NQ] (e) SCI
initiated daily mean enhancement with Welz et201Q) reported rate constant for $QCI reactions and the
lowest rate constant for the SCI3xMreaction (f) SCI initiated daily mean enhancenwth Welz et al. (2012)
reported rate constant for $€5ClI reactions, the lowest rate constant for thi88$E,0 reaction, and unimolecular
decomposition of SCIs. Biogenic emissions are @erivom BEIS.

Figure5: A comparison of predicted SOconcentrations to observations from the CASTNE@ssftop) the
IMPROVE sites (second from top) the CSN site¥ fdm bottom) the SEARCH sites (bottom). Resultsyfr
model runs using BEIS emission are shown in leftehpanels and results from model runs using MEGAN
emissions are shown in right-hand panels. Obserakgks occurring within the areas outlined in Fegut (d) and
3(b) are used for comparing predicted,5®@ith observed data in left and right-hand plotspestively. Circle,
square, and triangle symbols depict the mediarevatuoss all sites for each date, while whisketsrekto the 28
and 7% percentile values at locations of monitoring sfeseach date.

Figure 6: A comparison of predicted mass fraction of suifuBQ,> (BEIS emissions) to observed data from
CASTNET sites in January (top left), July (botttaft), and August (top right), and a comparisompiEdicted mass
fraction of sulfur in S (MEGAN emissions) to observed data from CASTNE&ssin July (bottom right).
Observed values occurring within the areas outlinggigures 1(d) and 3(b) are used for compariregijsted SG
with observed data in BEIS emissions and MEGAN sioiss panels, respectively. Centerline of the batspghows
the mean modeled value for each bin of observagesaBoxes extend to 2&nd 75' percentile values, whiskers
extend to 1.5 times the interquartile range, artd dbow outlier values.

Figure 7: A comparison of predicted mass fraction of suifusQ;”> (BEIS emissions) to observed data from
SEARCH sites in January (top left), July (bottaft)l and August (top right), and a comparisonrefdicted mass
fraction of sulfur in S (MEGAN emissions) to observed data from SEARCHssiteJuly (bottom right).
Observed values occurring within the areas outlinggigures 1(d) and 3(b) are used for compariregljsted SG
with observed data in BEIS emissions and MEGAN sioiss panels, respectively. Centerline of the batspghows
the mean modeled value for each bin of observagesaBoxes extend to 2&nd 7%' percentile values, whiskers
extend to 1.5 times the interquartile range, artd dbow outlier values.

-21 -



720
721
722
723
724
725

726

Figure 1: (a) Predicted monthly mean $Cconcentrations without SCI in January (b) SCliatéitd monthly mean
enhancements in January (c) predicted monthly r8&afi concentrations without SCI in July (d) SCI iniédt
monthly mean enhancements in July. Biogenic emissiterived from BEIS. Observed values occurrindpiwithe
area outlined in Figure 1(b) are averaged for FdgurObserved values occurring within the aredradlin Figure
1(b) are also used for comparing predicted’Sfith observed data in Figures 5(a-c) and 6(a-c).

(a) CBOSTU predicted sulfate in January (b) sulfate enhancements in January
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727  Figure2: (a) Time series of predicted daily mean enhan@d Sue to the SCI chemistry and SOSCI3/20 for
728  the area shown in Figure 1(d) (b) diurnal chandesedicted S without and with the SCI chemistry along with
729 HO and SCI3 for the same area. BEIS emissions uszd. S@x SCI3 has been divided by 20 and,$®y 60 to
730 fitinto scale.
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734  Figure3: (a) Predicted monthly mean $0concentrations in July without SCI chemistry (MEK&missions) (b)
735  SCl initiated monthly mean S®enhancements in July (MEGAN emissions). Obsenatdes occurring within the
736  area outlined in Figure 3(b) are used for compapireglicted S¢F with observed data in Figures 5(d-f) and 6(d).

737

(a) predicted sulfate with MEGAN emissions (b) enhancements with MEGAN emissions
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Figure 4: (a) Predicted daily mean $Cconcentration on July 1 without SCI chemistry ()l $itiated daily mean
enhancements with Mauldin et al. (2012) reportée canstant (c) SCI initiated daily mean enhancemh Welz

et al. (2012) reported rate constant (d) SCI itetladaily mean enhancements obtained with the Maeldal.

(2012) reported value as “net” rate constant [#ie constant reported by Mauldin et al. (2012)HerSQ+SCI3
reaction was used as “net” rate constant withoutlass of SCI3 by reactions with,8, (H,O),, and NQ] (e) SCI
initiated daily mean enhancement with Welz et201Q) reported rate constant for $OCI reactions and the
lowest rate constant for the SCI3%Mreaction (f) SCI initiated daily mean enhancenwatit Welz et al. (2012)
reported rate constant for $£5ClI reactions, the lowest rate constant for the88%$E,0 reaction, and unimolecular

decomposition of SCls. Biogenic emissions are @erivom BEIS.
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Figure5: A comparison of predicted $Oconcentrations to observations from the CASTNE@ss{top) the
IMPROVE sites (second from top) the CSN site¥ fdm bottom) the SEARCH sites (bottom). Resultsyfr
model runs using BEIS emission are shown in leftehpanels and results from model runs using MEGAN
emissions are shown in right-hand panels. Obserakgks occurring within the areas outlined in Fegut (d) and
3(b) are used for comparing predicted,5®ith observed data in left and right-hand plotspegtively. Circle,
square, and triangle symbols depict the mediarevatuoss all sites for each date, while whisketsrekto the 28
and 7%' percentile values at locations of monitoring sfseach date.
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Figure 6: A comparison of predicted mass fraction of suifusQ;”> (BEIS emissions) to observed data from
CASTNET sites in January (top left), July (botttaft), and August (top right), and a comparisompEfdicted mass
fraction of sulfur in S (MEGAN emissions) to observed data from CASTNE&ssin July (bottom right).
Observed values occurring within the areas outlinggigures 1(d) and 3(b) are used for compariregijsted S
with observed data in BEIS emissions and MEGAN sioiss panels, respectively. Centerline of the batspghows
the mean modeled value for each bin of observagesaBoxes extend to 2&nd 7%' percentile values, whiskers

extend to 1.5 times the interquartile range, artd dbow outlier values.
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Figure 7: A comparison of predicted mass fraction of suifusQ;” (BEIS emissions) to observed data from
SEARCH sites in January (top left), July (bottaft)l and August (top right), and a comparisonreficted mass
fraction of sulfur in S (MEGAN emissions) to observed data from SEARCHssiteJuly (bottom right).
Observed values occurring within the areas outlinggigures 1(d) and 3(b) are used for compariregljsted SG
with observed data in BEIS emissions and MEGAN sioiss panels, respectively. Centerline of the batspghows
the mean modeled value for each bin of observagesaBoxes extend to 2&nd 7%' percentile values, whiskers

extend to 1.5 times the interquartile range, artd dbow outlier values.
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