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Abstract. A new chemical scheme is developed for istry can mediate a link between the oceanic emissions of
the multiphase photochemical box model SEAMAC (size- VOCs and the behaviors of compounds that are sensitive to
SEgregated Aerosol model for Marine Air Chemistry) to halogen chemistry such as dimethyl sulfide,,N@nd G in
investigate photochemical interactions between volatile orthe MBL.

ganic compounds (VOCs) and reactive halogen species in the
marine boundary layer (MBL). Based primarily on critically
evaluated kinetic and photochemical rate parameters as well

as a protocol for chemical mechanism development, the new  Introduction

scheme has achieved a near-explicit description of oxidative

degradation of up to §hydrocarbons (Ckl CoHe, C3Hg, Reactive halogen chemistry involving sea-salt aerosols is
CoHa, C3Hg, and GHb,) initiated by reactions with OH rad- potentially important for determining the behaviors of,0
icals, Cl- and Br-atoms, and{ORate constants and product NOx, SO, dimethyl sulfide (DMS), and mercury in the ma-
yields for reactions involving halogen species are taken from¥ine boundary layer (MBL). Several exploratory modeling
the literature where available, but the majority of them needstudies have indicated that reactive bromine and chlorine
to be estimated. In particular, addition reactions of halo-Species can build up via autocatalytic halogen release from
gen atoms with alkenes will result in forming halogenated Sea-salt aerosols to strongly influence the fate of the above-
organic intermediates, whose photochemical loss rates ar@entioned species via reactions occurring in the gas phase as
carefully evaluated in the present work. Model calculationswell as in aerosols and cloud drople&afider and Crutzen
with the new chemical scheme reveal that the oceanic emis1996 Vogt et al, 1996 Sander et al.1999 Toyota et al.
sions of acetaldehyde (GBHO) and alkenes (especially 2001 von Glasow et a).2002ab; Hedgecock et al2003.
C3Hg) are important factors for regulating reactive halogen There also exists circumstantial evidence that reactive halo-
chemistry in the MBL by promoting the conversion of Br gen chemistry exerts a strong influence on DMS and O
atoms into HBr or more stable brominated intermediates inl0ss rates in the air over the ocean, as envisaged from large
the organic form. The latter include brominated hydroper-discrepancies between their mixing ratios modeled without
oxides, bromoacetaldehyde, and bromoacetone, which séalogen chemistry and those observed (Efgn et al, 1998
quester bromine from a reactive inorganic pool. The totalDickerson et al.1999 Nagao et al.1999 James et al200Q
mixing ratio of brominated organic species thus produced isChand et al.2003. The autocatalytic halogen release is trig-
likely to reach 10-20% or more of that of inorganic gaseousgered by taking up either OH, NON20s, or Oz from the gas
bromine species over wide regions over the ocean. The read®hase to oxidize Br in sea saltfinlayson-Pitts et al199Q

tion between Br atoms and8> is shown to be unimportant Sander and Crutzed996 Hirokawa et al, 1998 Knipping

for determining the degree of bromine activation in the re-€tal, 2000. Caro’s acid (HS@), formed via aqueous-phase
mote MBL. These results imply that reactive halogen chem-radical reactions of S(1V), and inorganic iodine species such
as HOI, derived from organic iodines of biogenic origin,
Correspondence tK. Toyota are also suggested to be effective in oxidizing sea-sait Br
(ktoyota@yorku.ca) (Mozurkewich 1995 Vogt et al, 1996 1999. Even though
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1962 K. Toyota et al.: Photochemistry of VOCs and halogens in the MBL

small initially, the amount of reactive bromine thus producedthe springtime Arctic boundary layer, since these aldehydes
will increase significantly under sunlight as mediated by aare fairly abundant there (typically [HCH®G]200 pmo}mol
series of reactions in the gas phase and in the acidified seand [CHCHO] ~100 pmo}mol) and highly reactive toward
salt aerosolsSander and Crutzer1996 Vogt et al, 1996 Br atoms to give HBr $hepson et 31.1996 Sumner and

Sander et a/.1999: Shepson1999. Addition reactions of Br atoms to sl
_ . and GHy are also suggested to be effective in impeding the
Br™ +HOBr+H" — Bra 4 H0 (1) bromine explosion, since they resultin forming relatively sta-
ClI~ + HOBr+ H* — BrCl+ H,0 (2) ble brominated intermediates in the organic form; however,
BrONO, + Br~ — Brz 4+ NOj (3) the magnitude of their impqcts dppends strongly on a fac-
BrONO, + ClI- — BrCl + NOZ @) tor that is not fully characterized, i.e. hqw stable the react|_0n
- B s products are against subsequent reactions to regenerate inor-
BrCl + Br~ = Br,ClI™ = Brz + Cl (5)  ganic bromineKicConnell et al, 1992 Sander et a).1997.
Bry + hv — Br + Br (6) Actually, a variety of evidence suggests that oxygenated
BrCl + hv — Br + Cl 7) orga;nic corr]npounds andhnon-melthane hydro%arbo?as are emit-
ted from the ocean to the overlying atmosphere (Rafte
Br+03 —~ Bro+ 0, ®) &t al, 1993 Zhou and Mopper1997 Lewis et al, 1999
BrO + HO, — HOBr + Oy (9 2001 Singh et al. 2001). In the remote MBL the origins
BrO + NO, M BrONO, (10)  of short-lived VOCs such as GEHO and low-molecular-

weight alkenes are often dominated by their oceanic emis-

where reactive chlorine is also released from sea-salt aerosolions, whereas the impacts of long-range transport from the
in this reaction sequence. The observed behaviors of gaseousntinents are marginakpppmann et aJ.1992 Donahue
and particulate inorganic bromine compounds in the mid-and Prinn 1993 Plass-Dilmer et al, 1993 Heikes et al.
and low-latitude MBL indicate, although not definitively, that 1996 Saito et al. 200Q Singh et al. 2001). Previous stud-
the autocatalytic cycle plays a major role in releasing reactiveies have addressed the impacts of oceanic VOCs emissions
bromine from sea salt. In particular, BrO mixing ratios mea- within the context of HQ-NOy chemistry and/or organic
sured over the ocean by differential optical absorption specacids formation (e.gArlander et al. 199Q Donahue and
troscopy (DOAS) instruments were always close to or be-Prinn, 199Q Baboukas et al200Q Singh et al.2001).
low the detection limits of a few pmginol (e.g.James et a. Here we investigate the potential impacts of short-lived
200Q Leser et al.2003, which are still within the range of VOCs of oceanic origin on reactive halogen chemistry in
model predictions and, besides, capable of doubling the oxthe MBL by using the multiphase photochemical box model
idation rates of NG and DMS as well as augmenting the SEAMAC (size-SEgregated Aerosol model for Marine Air
photochemical loss rate of{®y at least 5-10% in the mid-  Chemistry) Toyota et al, 2001). The model takes account
latitude MBL (Vogt et al, 1996 Ingham et al.1999 Sander  of a number of reactions for halogen species,(@ry) as
etal, 1999 Toyota et al.200], Boucher et al.2003. Read-  well as Q, HOx, NOy, SO, CO and hydrocarbon oxida-
ers may be referred t6ander et al(2003 and references  tion products in the gas phase and in the deliquesced sea-salt
therein for a comprehensive review of currently available ob-aerosols. For the purpose of this study, the gas-phase reac-
servational data for inorganic bromine. tion scheme is thoroughly updated from that in our previous

Since the autocatalytic halogen release from sea-salvork to achieve a near-explicit representation of photochem-
aerosols is a consequence of interplay between the gas- angal degradation of up to £hydrocarbons (i.e. Cij CoHe,
aqueous-phase reactions, the concentrations of gas-phaggHg, CoH4, C3He, and GHo) initiated by reactions with
compounds that are reactive toward halogen species ar@H radicals, Cl- and Br-atoms, andsO In the following
among the key factors for the buildup of reactive halogens.sections we will start with reviewing the state of knowledge
For instance, model-predicted bromine activation is notablyabout the origins of §H4, C3He, and CHCHO in the MBL
enhanced by varying £mixing ratios from~10 nmo}/mol (Sect.2) and will then describe the new chemical mechanism
to ~20 nmo}mol, since Reactiong) is an important step introduced to SEAMAC (Sec8). Then the basic framework
to give HOBr and BrON@, key compounds for oxidizing of SEAMAC will be briefly described and the details of nu-
halide ions in the aqueous phaserf Glasow et a.2002a  merical experiments conducted will be explained (S4kt.
Wagner et al. 2009. Reactions between Br atoms and Finally, results of model runs will be presented and discussed
volatile organic compounds (VOCs) will exert an opposite within the context of impacts on halogen activation (SBt.
influence on the autocatalytic halogen release by circumvent-
ing Reaction 8). To date several studies concerning halo-
gen chemistry in the springtime Arctic boundary layer have2 Ethene, propene, and acetaldehyde in the MBL
addressed the significance of such reactions. For instance,
HCHO and CHCHO are important for determining the mag- Seawater concentrations of low-molecular-weight non-
nitude of “bromine explosion” and its impact ons@ss in methane hydrocarbons and some carbonyl compounds have
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been found to be supersaturated relative to their concentra- 10 A L
tions in the overlying air l(lamontagne et gl.1974 Bon- D90
sang et al. 1988 Plass et a).1992 Donahue and Prinn
1993 Zhou and Mopper1997. These compounds are
produced primarily via photochemical degradation of dis- ‘ ] L
solved organic carbon of biogenic origin, whereas their di-
rect formation via biological processes is of secondary im-
portance Ratte et al.1993 1998 Zhou and Mopperl997).
Among the compounds supersaturated in seawater, the ori-
gins of relatively long-lived species includingBs, C3Hs,

and GH» appear to be dominated by long-range transport
from the continents even in the remote MBKappmann 10° poz a2 D93

et al, 1992 Plass-Milmer et al, 1993. On the other hand,

low-molecular-weight alkenes including B4 and GHg are —r ——rr
almost exclusively derived from their oceanic emissions in 10° 10° 10
the remote MBL Koppmann et al. 1992 Plass-Qilmer C,H, Flux, moleculecm s

et al, 1993 Heikes et al. 1996. Similarly, Singh et al.

(2007 found that the atmospheric mixing ratios of gEHO Fig. 1. Estimated sea-to-air fluxes ofo8, and GHg reported
simulated by a global-scale tropospheric chemical-transporin the literature: P93, Plasstmer et al. (1993); D93, Donahue
model of Harvard University were lower by about 80-90% and Prinn (1993); H96, Heikes et al. (1996), T93, Thompson et
than observed over the remote tropical Pacific Ocean, sugal- (1993); B93, Bonsang (1993); D90, Donahue and Prinn (1990);

gesting the presence of missing sources including the oceanie’4 and B88 were calculated by Donahue and Prinn (1990) from
emission. the data of Lamontagne et al. (1974) and Bonsang et al. (1988),

Table 1 lists the observed mixing ratios of,8s, CsHs, respectively. Values marked by triangles were estimated based on

. ) - measured seawater concentrations with a diffusive microlayer ap-
f”md CHCHO ',n the MBL with clean air masses as reported proach and those marked by squares based on measured air concen-
in the recent literature. In the present work, model runs ar

o _etrations with budget analyses using photochemical models. Values
conducted to cover the ranges of these observed mixing ratiogith filled marks (P93, T93, B93, and D90) are used in the model
by varying net sea-to-air fluxes of these compounds. runs of the present work.

Regarding CHCHO, only the work oZhou and Mopper
(1997 has quantitatively assessed its sea-to-air flux by mea-
suring the concentrations in the sea surface microlayer antb the overlying atmosphere. In other words, the sea surface
the underlying bulk seawater of the south Sargasso Sea abottpresents a sink for atmospheric HCHO.
100 km east of the Bahamas. They found thatsCHO is Regarding GH4 and GHeg, a fairly large number of stud-
significantly enriched in the surface microlayer compared toies have been performed in attempts to estimate their fluxes
the bulk seawater and that the microlayer enrichment befrom the ocean (see Fig). Methods applied in such es-
comes greater during the daytime. Applying these meatimates can be categorized into two types. The first type
surements to a diffusive microlayer model, the net sea-to-of method is a diffusive microlayer approach based on ob-
air flux of CH3CHO was estimated to be approximately served seawater concentrations (eRdass-Dilmer et al,
1.2x 10 molecule cn? s~1. We find that this value is more 1993, which would be less influenced by long-range trans-
than enough to give observed @EHO mixing ratios pre- port of anthropogenic and/or terrestrial sources than atmo-
sented in Tablel under the mid-latitude MBL conditions. spheric concentrations. However, this approach as applied to
Thus the oceanic emission rates somewhat smaller than eslate might have underestimated the rates of alkene emissions
timated byZhou and Moppe(1997) are used in our model from the ocean, since seawater samples have been generally
runs (see Sectl). taken from the bulk subsurface water rather than from the

It is interesting to note that a significant enrichment of surface microlayerlewis et al, 2001). The second type
HCHO in the sea surface microlayer also takes place as af method is a budget analysis based on observed atmo-
result of its photochemical production during the daytime. spheric concentrations with the aid of photochemical mod-
Zhou and Moppef1997) found the molar concentration of els (e.g.Heikes et al.1996. Flux estimates made Hyon-
HCHO in the sea surface microlayer to be even greater thamhue and Prin(i1990 based on this method are significantly
that of CHBCHO. However, since the hydration constant greater than other estimates, since the atmospheric data
of HCHO is three orders of magnitude greater than that ofthey used are biased toward higher concentrationsHjT
CH3CHO (whereas their intrinsic Henry’s law constants are ~150 pmofmol, [C3Hg] ~100 pmo}mol) than those typi-
on the same order, se&hou and Mopperl997 and refer-  cal of the remote MBL. As suggested Bpnahue and Prinn
ences therein), HCHO formed in the surface microlayer will (1993, atmospheric samplings under relatively strong in-
diffuse downward to the bulk seawater rather than be emittedluence of long-range transport from the continents and/or
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1964 K. Toyota et al.: Photochemistry of VOCs and halogens in the MBL

Table 1. Mixing ratios of ethene (gHg4), propene (GHg), and acetaldehyde (G&€HO) in the marine boundary layer with clean air masses
reported in the recent literature.

Species Mixing Rati® Sampling Location Sampling Dates Refs.

CoHy 58+26 mid-Atlantic, @ to 45°N March/April 1987 1
45+35 mid-Atlantic, 0 to 45°N September/October 1988 1
25+18 mid-Atlantic, 0 to 3°S March/April 1987 1
22+9 mid-Atlantic, @ to 30°S September/October 1988 1
~50P central Pacific, 15S to 20N and 140 to 17CW February/March 1990 2
19-30 northern Pacific,Go 40°N and 118 to 18C°E, north of ITCZ September/October 1991 3
11-24 northern Pacific,°Go 4°N and 115 to 18C°E, south of ITCZ September/October 1991 3
5-21 South Atlantic and western Indian Oceatsd35.5'S September/October 1992 4
21.0 Mace Head, 533N 9.°W April/May 1997 5,6
9.5 Cape Grim, 40.9S 144.7E January/February 1999 6

C3Hg ~30 central Pacific, 15S to 20N and 140 to 170W February/March 1990 2
9.0-21.5 northern Pacific®@o 40°N and 115 to 18C°E, north of ITCZ  September/October 1991 3
2—6 South Atlantic and western Indian Ocear?s{d35.5 S September/October 1992 4
25.1 Mace Head, 533N 9.°W April/May 1997 56
5. Cape Grim, 40.9S 144.7E January/February 1999 6

CH3CHO ~8CF tropical Pacific, © to 30°S and 168E to 100W March/April 1999 7

~110¢ tropical Pacific, © to 3C°N and 170 to 120W March/April 1999 7
212429 equatorial Indian Ocedn March 1999 8
178+30 equatorial Indian Oceén March 1999 8

References: IKoppmann et al(1992); 2, Donahue and Prin(1993; 3, Gregory et al(1996); 4, Heikes et al(1996); 5, Lewis et al.(1999);
6, Lewis et al.(2002); 7, Singh et al(2001); 8, Wisthaler et al(2002.

Notes:

4 Unit: pmol/mol;

b Median values;

¢ Average mixing ratios during 11:00-13:00 local time in the clean oceanic air as screened by backward trajectory calculations;
4 No data was reported for4Elg south of ITCZ;

¢ Mean values;

/ Northern Hemisphere maritime equatorial air masses;

8 Southern Hemisphere maritime equatorial air masses

systematic problems with canister sampling would be proba-mined by numerous experimental works and critically evalu-
ble reasons for high alkene concentrations obtained in somated to give recommended values (&tkinson et al, 1997,
earlier studies. Among the estimates presented in Eig. 1999, which provide a primary basis for our chemical mech-
those made bylass-Milmer et al.(1993, Thompson et al.  anism development. By supplementing with a protocol based
(1993, Bonsang(1993, andDonahue and Prin(l990 are  on the version 3 of Master Chemical Mechanism (MCM)
used in our model runs. Under the mid-latitude MBL con- (Jenkin et al. 1997 Saunders et g12003, a near-explicit
ditions the first three estimates will generally give the lower- chemical mechanism describing the degradation of upsto C
bound to median mixing ratios of alkenes presented in Ta-hydrocarbons is constructed.

ble 1, whereas the estimates Bonahue and Prin(990 Kinetic and mechanistic details of hydrocarbon degrada-

\1v(|)l(l)g|ve CZF:“ i\rl‘t?] Q‘Hﬁ‘ tr;:mln% rathts bt(_)th In e>|<é:ehss o(l)lf tion initiated by halogen atoms have been poorly charac-
pmoymol. ough the fatler situation would haraly: q ;64 jn comparison. However, kinetic data for the reac-

occurin the remote MBL, rlesultant influence on halogen 4C%ions of CI- and Br-atoms with various low-molecular-weight
tivation is noteworthy as will be shown later (see S&it.

hydrocarbons and their mechanistic information are becom-
ing available (e.gBarnes et a). 1989 Wallington et al,
1989 Bierbach et al. 1996 DeMore et al. 1997 Atkin-

son et al. 1997 1999. In view of results from laboratory

A number of studies have been conducted to address the trastudies identifying reaction products, their degradation path-
pospheric photochemistry of hydrocarbons initiated via re-ways are qualitatively similar to those for OH-initiated reac-
actions with OH, NQ@, and . Relevant kinetic and pho- tions (e.gBarnes et a).1989 Yarwood et al.1992 Bierbach
tochemical parameters for these reactions have been deteet al, 1997). Main difficulties arise in the paucity of kinetic

3 Chemical mechanism development
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and mechanistic information on the reactions of halogen-duced via OH-initiated alkane oxidations. Among the degra-
containing organic oxygenates. They need to be estimated idation products a series of aldehydes, HCHO,3CHO,

the majority of cases; however, by extrapolating available in-and GHsCHO, is most noteworthy in terms of autocatalytic
formation, a near-explicit description of Cl- and Br-initiated halogen release from sea-salt aerosols, since these com-
degradation of up to g&hydrocarbons is also achieved. The pounds react quite rapidly with Br atoms to give relatively
methodology applied in MCM helps create a protocol for stable HBr:

such reactions as well (see Sects. S9-S10 in the electromc

supplement). +HCHOZ HBr + CO+ HO, (14)
Unfortunately experimental data for the agueous-phase regy + CH;CHO %2 HBr + CH3C(0)00 (15)

actions of halogen-containing organic oxygenates are gener-

ally lacking. Hence our efforts to develop an updated chemBr + C2HsCHO % HBr + C2HsC(O)O0. (16)

ical mechanism are placed mainly on gas-phase chemistryt should be noted that rate constants for these reac-

The uptake of OrganiC acids onto sea-salt aerosols is bas-ﬁons become progressive|y greater as the carbon num-

cally taken into account, although their further degradationper of alkyl group increases:kis/k14=3.60+0.29 and

via aqueous-phase chemistry are neglected except those @i/ x;,—6.65+0.53 over the temperature range 240-300 K

HCOOH/HCOO™. The aerosol uptake of organic hydroper- (Ramacher et g1.2000. In view of recent observational

oxides, aldehydes, and ketones is also neglected with a feyata for the mixing ratios of HCHO (ca. 300 pryisiol) and

exceptions. These assumptions may not constitute MajoH;CHO (ca. 90 pmogimol) in the remote Pacific lower tro-

drawbacks, since the aqueous solubility of these gases is eosphere §ingh et al, 2001), CH3;CHO is suggested as im-

peCted to be fall’ly low and the IIQUId water content of Sea'saltportant as HCHO for |mped|ng autocata|ytic ha|ogen release

aerosols would be too small for such compounds to exert an the MBL (see Sec®.2for further discussion).

noticeable influence on overall chemistry. Reactions between Br atoms and low-molecular-weight
In this section we describe how we have constructed a nevglkanes proceed so slow at atmospheric temperatures that

chemical mechanism with an emphasis on reactions of directhey are of negligible importance in the atmospheRes-

relevance to the autocatalytic halogen release. Minor detailse|| et al, 1989. Thus the reactions of Br atoms with GH

of the reaction scheme including the Cl-initiated degradationc,Hg, and GHg are neglected in our reaction scheme.

of alkenes are provided in an electronic supplement to this

paper. Also given in the electronic supplement are a protocoB.2 Alkene degradation initiated by Br atoms

for estimating kinetic and photochemical parameters to com-

plement the existing experimental data, and complete listings-2.1  Br-atom attacks on alkenes

of gas- and aqueous-phase reactions with their rate constants
and of relevant parameters (Henry’s law constants, mass ac The reactions Br+gHs/CgHe will proceed predominantly

commodation coefficients, and equilibrium constants for ionVia the addition channels to give brominated alkyl peroxy
dissociation) for multiphase reactions. radicals in the ambient aiBgdjanian et a).1998 1999 see
also Sect. S2 in the electronic supplement):
3.1 Alkane degradation initiated by @r atoms
9 y/@ Br ++ CoHa M;92 BrCH,CH,00 (17)

Chlorine atoms are highly reactive towards alkanes and gean + CaHg _) 2 0.87 x CHsCH(OO)CH,Br
erally their rate constants are even greater than those for ana
ogous reactions between OH radicals and alkanes. The reac- +0.13x CH3CHBrCH,00 (18)
tions will proceed via H-abstraction from alkyl group to give where the product branching ratios of Reactidi)(are
HCI and alkyl peroxy radicals in the ambient air: assigned by analogy with Cl-atom addition taHg (see

0, Sect. S4 in the electronic supplement). In the present work,
Cl+ CH, = HCI + CH;00 (1) the rate constant for Reactioh) is taken fromRamacher
Cl + CoHg 95 HCI + C,Hs00 (12) et al.(200)) and that for Reactiorl@) is obtained by averag-
ing two independent experimental daBa(nes et a).1989

Oy
Cl + CgHg —% HCI + 0.43 x CH3CH,CH,00 Wallington et al, 1989. It is important to note that the rate

+0.57 x CH3CH(OO)CHa. (13)  constant of Reactionl@) is approximately 20 times greater
In the present work rate constants for these reactions arf'an that of Reactionl(?) in 1atm of air. The rate constant
taken from those recommended Bykinson et al.(1999. of H-abstraction from the methyl group by Br atoms has also

The product branching ratios of Reactidi8) are taken from  been determined experimentallygdjanian et a).1998:

igg%nmentally determined values at 296 Kfdall et al, Br + CsHe o7 HBr + CHy=CHCH,00. (19)
Alkyl peroxy radicals thus produced will undergo fur- although the probability of this channel in the overall reaction
ther degradation following the same pathways as those proBr+CsHg is less than 1% in 1 atm of air.

www.atmos-chem-phys.org/acp/4/1961/ Atmos. Chem. Phys., 4, 19812004
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As described below, an experimental basis is only par-alkoxy radicals thus produced will possess internal exci-

tially available for characterizing the kinetic and mechanis-

tic details of complete reaction pathways that follow Reac-

tions (L7)—(18). Hence, where experimental data do not ex-

tation due to the exothermicity of reactionBilfle et al,
1998 1999 Orlando et al. 1998. However, it is com-
pletely unknown whether Reactiod) gives internally ex-

ist, empirical methods are employed for estimating the ratecited BrCHCH,0O*, since previous product studies for Br-

constants and products of reactions as described in Sects. S

thitiated GH4 degradation have not been conducted with

S10 in the electronic supplement. In particular, kinetics andadded NO to facilitate Reactior2@) (Barnes et a}.1989
mechanisms are virtually completely estimated concerningvarwood et al. 1992. The fate of BrCHCH,O*, if formed,

the CHCHBrCH,OO-branch of @Hg degradation initiated
via Reaction 18).

3.2.2 Reactions of brominated alkyl peroxy and alkoxy
radicals

Yarwood et al.(1992 performed an FTIR product study
for UV-irradiated Bp/CoHg4/air mixtures and identified
BrCH,CHO, BrCH,CH,OOH, and BrCHCH,OH as main
degradation products where secondary reactions are min
mized. This implies that BrC}CH>OO formed via Reac-
tion (17) will undergo qualitatively similar reactions to those
of simple peroxy radicals such as g@BIO. Hence reactions
with either NO, HQ, or CH3OO are the most likely fate of
BrCH,CH>0OO in the ambient air:

BrCH,CH,00 + NO — BrCH,CH,0O* + NO» (20)
BrCH,CH,OO + HO2 — BrCH,CH>;OOH + Oy (22)
BrCH,CH,0OO0 + CH300
— 0.44 x (BrCH>CH>0O + CH30 + Oy)
4 0.28 x (BrCH,CHO 4 CH30H + O9)
+0.28 x (BrCH,CH>;0OH + HCHO + Oy). (22)

Kinetic and mechanistic data, however, do not exist for

these reactions and thus need to be estimated as describ

in Sect. S9 in the electronic supplement. It should be note
that the kinetic and mechanistic nature of Reacti®@—
(22) is assumed basically identical to that of analogous reac
tions involving CICHCH,00 (see also Sects. S1 and S9 in
the electronic supplement).

By analogy with the fate of HOC}CH,O radicals pro-
duced via OH-initiated eH4 oxidation, alkoxy radicals
(BrCH,CH,0O* and BrCH:CH,0) formed via Reaction2()
and @2) can either decompose to give BrgHHCHO or re-
act with & to give BrCHhCHO+HO,. However, in view
of fairly good mass balance betweenHi reacted and the

three main products containing bromine in the experiments

performed byYarwood et al.(1992, it is quite likely that
BrCH,CH,O radicals formed via Reactio2?) exclusively
react with Q:

BrCH,CH,0 + O — BrCH,CHO 4 HO;. (23)

is also unknown. In the present work it is tentatively assumed
that ReactionZ0) does give BrCHHCH,O* and that the fur-
ther degradation of BrC#CH,O* occurs analogously to that
of CICH2CH,O* (see Sect. S1 in the electronic supplement):

BrCH,CH,0* 2 0.58 x (BrCH,CHO + HO,)
+0.42 x (BrCH,00 + HCHO). (24)

As with BrCH,CH,O00, CHCH(OO)CH.Br radicals
formed via Reaction1(@) will undergo reactions with NO,
HO,, or CH;OO0 in the ambient air. Again, however, their
rate constants need to be estimated as described in Sect. S9
in the electronic supplement:

CH3CH(OO)CH,Br + NO

— CH3CH(O)CHuBr* + NO, (25)
CH3CH(OO)CH2Br + HO»
— CH3CH(OOH)CHBr + O2 (26)

CH3CH(OO)CH,Br 4+ CH3z00
— 0.6 x (CH3CH(O)CH2Br + CH30 + Oy)
+0.2 x (CH3COCHBr 4+ CH3OH + Oy)

+0.2 x (CH3CH(OH)CH2Br + HCHO+ 0p)  (27)

where the product branching ratios of Reactidr) @re taken

m generic values assigned in the work of MCBefkin

CEt al, 1997. To date no experimental study has been per-

formed in an attempt to resolve complete pathways of Br-
initiated GHg degradation.Impey et al.(1997, however,
determined the yield of bromoacetone (§3OCH,Br) from

the reaction Br+gHg in NO-rich air to be 0.75. From their
data and our assumed product branching ratios for Reac-
tion (18), it is estimated that CkCH(O)CH,Br* radicals un-
dergo decomposition and reaction with @ith the branch-

ing ratios of 0.14 and 0.86, respectively:

CH3CH(O)CH2Br* — CH3CHO + BrCH;

92 CH3CHO+ BICH,00  (28)
CH3CH(O)CH,Br* + O — CH3COCH:Br + HO,.  (29)

CH3CH(O)CH2Br radicals formed via Reactior27) are
assumed to undergo the same fate as above, since
no experimental data exist to rule out this assump-

On the other hand, recent experimental studies identifiedion. Actually, analogous reactions for 3-bromo-2-butoxy
several examples for chlorinated and/or brominated alkoxy(CH3CH(O)CHBrCHs) radicals were investigated Bier-
radicals produced via reactions between their parent peroxypach et al.(1997 in their FTIR product study of Br-
radicals and NO to decompose before thermalized, sincénitiated oxidation of trans-2-C4Hg in 1000 mbar air.

Atmos. Chem. Phys., 4, 1961987, 2004
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At 298K approximately 40% of CECH(O)CHBrCHs where the rate constant for Reacti@8) as well as absorp-
radicals were found to undergo decomposition to givetion cross sections and quantum yields for BECHO pho-
CH3CHO+CH;CHBFr rather than reaction with £to give  tolysis need to be estimated as described in Sect. S10 in the
CH3COCHBIrCH+HO,, whether NO is added or not to the electronic supplement. By analogy with @EHO photoly-
reaction system. sis, the formation of CkBr+CO, i.e. Reactiondy7), is as-

The reactions of BrCHDO have been characterized rela- sumed to occur as a minor channel of BTHHO photoly-
tively well. Rate constants and product branching ratios forsis (see Sect. S10 for details). BreED radicals formed via
its reactions with NO, H@ and itself have been measured Reaction 88) will be lost via three different pathways:
or derived experimentallySehested et al1993 Chen et al.

1995 Villenave and Lesclaux1995. Such information well  BrCH,CO + O, M BrCH,C(0)00 (39)
delineates the fate of BrC#O in the ambient air: M 0,
BrCH,CO — BrCH; + CO — BrCH,O0+ CO (40)
BrCH,00 + NO — BrCH,O* + NO, (30) M
— Br+ CH,=CO (41)
BrCH,OO + HO> — 0.9 x (BrCH,OOH + Oy)
4+ 0.1 x (HCOBr+ H20 + Oy) (31) where the branching ratios of Reactior39) (40), and
BrCH,00 + CH300 (41) are 0.5, 0.25, and 0.25, respectively, at 297K in

700 Torr of air Chen et al. 1996. BrCHxC(O)OO radi-

= 0.65x (BrCH0 + CH30 + Oy) cals thus produced will undergo reactions analogous to those

+0.35 x (BrCH20H + HCHO + Oy) (32)  of CH3C(0)0O0 to give products such as BrGH#D)OONO;
where the rate constant and branching ratios of Reacgign (  (PBrAN), BrCH,COOH, and BrCHC(O)OOH:
are estimated as described in Sect. S9 in the electronic sup- M
plement. Alkoxy radicals (BrCkD* and BrCHO) formed ~ BrCH;C(0)OO+ NO2 = BrCHz(O)OONG, (42)

via Reactions30) and 32) will then mostly undergo decom- BICH N O, BICH N 4
position in the ambient ailQhen et al.1995 Orlando et al. rCHC(O)00+NO = BrCH00+ CO, +NOz - (43)

1996. In the present work, BrC4O* radicals are assumed BrCH,C(O)O0 + HOz —

to exclusively undergo decomposition: 0.71 x (BrCH,C(O)OOH + O9)

Op
whereas BrCHO radicals are assumed not only to undergo BrCH2C(0)00 + CHz00 —
decomposition but also to react withp O 0.7 x (BrCH,00+ CO; + HCHO+ HO2 + O2)
BrCH,0O + Oz — HCOBr+ HO; (35)  The formation of these compounds has been verified ex-
where kas=3x107 51 and  Perimentally: PBrAN formed from Br-atom initiated oxi-

kas=6x10-14cmd molecule 1 s1 respectively  Or- dation of BrCHCHO in NO,-rich air (Chen et al. 1996;
lando et al, 199. It follows that approximately 99% of ~BCH2COOH and possibly BrC:(O)OOH formed from
Br-atom initiated oxidation of €Hs in air without added

BrCH,O loss occurs via Reactior34) in 1atm of air (see h q
Sect. S3 in the electronic supplement for further discussion).No2 (Barnes et a).1989. However, the rate constants an

product yields of Reactiongl®)—(45) are unknown and thus

3.2.3 Further degradation of brominated organic interme-2ssumed identical to those of analogous reactions involving
diates CH3C(0)OO0 radicals.
CH3COCHBr will be destroyed via either photolysis
As described above, Br-attacks on alkenes will result in pro-or OH attack in the ambient air. Based on experimen-
ducing a variety of brominated organic intermediates takingtally determined data for the absorption cross sections
the forms of carbonyl, hydroperoxide, and alcohol in the am-of CH3COCH,Br and quantum yields for its photolysis
bient air. In the present work, kinetics and mechanisms of(Burkholder et al. 2002, the lifetime of CHRCOCH,Br
their further degradation are also carefully evaluated. against photolysis is estimated to be less than half a day in
In the ambient air BrCHCHO will be destroyed via either  the mid-latitude MBL (see Table S4):

photolysis or OH attack:

Oy
Oz
9§ BrCH,00 + CO+ HO, (36) — CH300 + BrCH»CO. 47)
— CH3Br+ CO (37)  BrCH,00 and BrCHCO radicals will then undergo Reac-
BrCH,CHO + OH — BrCH,CO + H20 (38) tions 30)—(32) and Reactions39)—(41), respectively. The
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1968 K. Toyota et al.: Photochemistry of VOCs and halogens in the MBL

OH attack on CHCOCH,Br, whose rate constant is esti- in the case of brominated hydroperoxides, the rate constants

mated as described in Sect. S10 in the electronic supplementf the reactions are estimated and channels of minor impor-

will take place much slower than photolysis. tance are neglected as described in Sect. S10 in the electronic
Based on the absorption cross sections data obtained byupplement. BrCHOH is also quite likely to undergo rapid

Libuda (1992 with the assumption of unit quantum yield, unimolecular decomposition to give HCHO+HBr by analogy

the lifetime of HCOBr against photolysis is estimated to be with CICH,OH (Tyndall et al, 1993.

about 6.5 days in the mid-latitude MBL (see Table S4 in the

electronic supplement): 3.3 GH; degradation initiated by ZBr atoms
HCOBr+ hv ©2 Br + CO+ HO,. (48) Rate constants for the reactiongBi+CoH2 have been mea-

thouah th ¢ 4qcl K __sured by several workers. In the present work, parameters
Although the rate constants of OH- and Cl-attacks against,, yje|q the pseudo-second-order rate constant for the reac-

HCOBr are unknown at the present time, they are quite "kelytion Cl+C,H, are taken from recommended values given by

similar to those of OH- and Cl-attacks against HCOCI (ré- zinson et al.(1999, whereas the second-order rate con-
sultant lifetime will be longer than 45 days; see Sect. Slstant for the reaction Br+H, measured over 239-296 K in

in the electronic supplement) and therefc_)re of minor im- 700 Torr air Ramacher et 312001 is fitted in the Arrhe-
portance compared with HCOBr photolysis. On the other; s form The branching ratios of reactionyBi+CyHs are

hand, previous experimental studies reported that HCOBY ig;y o from the values as derived in the FTIR product study
highly susceptible to a wall reaction on the chamber S“rfaceperformed byYarwood et al(1991) at 296 K in 700 Torr air

to give HBr+CO eller et al, 1992 Chen et al.1995 Or- (a0 ect. 56 in the electronic supplement for further discus-
lando et al. 1996. An analogous wall reaction of HCOCI sion):

also takes place on the chamber surfdgébuda et al, 199Q

Kaiser gnd Wallin.gton1994 'WaIIington et al, 1996. 'On Cl + CoHy M.92 556 « (HCOCI+ CO+ HOy)
the basis of experimental evidence that non-hydrolytic decay 021 x (HCOCHO Cl

of HCOCI to give HCI+CO occurs quite rapidly in aqueous +0.21x( +CD
solutions Dowideit et al, 1996), the reactive uptake coef- +0.53 x (HCI + 2 CO+ HOy) (52)
ficient of HCOCI on the surface of sea-salt aerosolls is es.,ti-Br + CoHy M2 517« (HCOBr + CO+ HOy)

mated to be 0.1 in the present work (see further discussion 0.09 x (HCOCHOL B

in Sect. S1 in the electronic supplement). The same uptake +0.09x ( + B0
coefficient is assumed to apply to HCOBr, constraining its +0.74 x (HBr 4+ 2CO+ HOy). (53)

lifetime in the MBL to be on the order of hours. ] ] ]
Brominated hydroperoxides (e.g. @H(OOH)CH,Br, 3.4 Agueous-phase reactions of peroxyacetic acid (PAA)

BrCH,CH,OOH, and BrCHOOH) will be destroyed via ei- Reactions of OMNOs/Br/Cl with CHsCHO will pro-

h H k hotolysis, although i I : ; . . .
t er OH attacks or p .oto ysis, gt ough no experlmgnta dat"’}:eed predominantly via abstraction of aldehydic-H to give
exist for these reactions. For instance, the following path-

ways are included for BrC)CH,OOH loss in the present CHsC(O)0O0 radicals in the ambient aiAtkinson et al,

reaction scheme: 1999:
> H2O+ BreH;CH00 (49) where X is either OH, N@ Br, or Cl. In the re-
— H20 + BrCH,CHO + OH (50)  mote MBL where NQ concentrations are relatively low,
BrCHCHO0H + hv — BrCH,CH;0 + OH (51) a fairly large fraction of CHC(O)OO radicals will re-

. act with HG,/CH30O radicals rather than with NOto
where rate constants or J values for Reactid®51) are give CHC(O)OOH (peroxyacetic acid, or PAA) and/or

estimated as described in Sect. S10 in the electronic supplec-H COOH (Jenkin et al. 1997 Atkinson et al. 1999 Saun-
ment. Actually, the OH attack on BrGi&H,OOH may have der?é etal 2(()03. l' ' - 1999

an additional channel to give BrCHGBOH + H0. Itis es-
timated, however, of minor importance compared with chan-CHzC(0)OO + HO, — 0.71 x (PAA + Oy)

nels @9)—(50), and therefore neglected in the present work. +0.29 x (CH3COOH+ Og) (55)
The rate constant of Reactiob() is then scaled to maintain 0

the overall rate of the OH attack (see Sect. S10 in the elecCH3C(O)OO + CH3z00 —
tronic supplement). 0.7 x (CH300+ COy + HCHO + HO2 + Op)

Finally, brominated alcohols (e.g. QEH(OH)C.HzBr, +0.3 x (CH3COOH~+ HCHO + O). (56)
BrCH,CH,OH, and BrCHOH) will be destroyed via reac-

tions with OH radicals to yield brominated carbonyl com- Henry’s law constants and acid dissociation constants
pounds of the same carbon number as parent alcohols. Am water have been determined experimentally for both
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CH3COOH and PAA so that their uptake onto sea-saltcontent, atmospheric residence time, and mass transfer co-
aerosols can be simulated quite reasonably. In addition, ratefficients of chemical species, based on methods described
coefficients for the aqueous-phase oxidation giV$ and in Toyota et al(2001). The size distributions of dry sea-salt
Br~ by PAA have been experimentally determin€ditnum  aerosols are taken froforter and Clark€1997), and lin-
etal, 1960 Lind et al, 1987, allowing the quantitative esti- early scaled to yield the total mass concentrations predicted

mates of their impacts: by an empirical relationship between sea-salt mass loading
. and wind speedBlanchard and Woodco¢k 980. In the

HSQ; + PAA A 50421_ +2H" + CH3COOH (57)  present work model runs are conducted at the wind speed of

Br~ + PAA — BrO~ + CHsCOOH (58) 9my/s, which yields 16.4 ugn® for the mass concentration

of dry sea-salt aerosols. Actinic flux is calculated based on
By analogy with the oxygen-atom transfer reactions of a two-stream algorithm in the pseudo-spherical atmosphere
HSG; and HNQ, with halide ions Fortnum et al. 196Q (Kylling, 1995 Kylling et al., 1995. It is assumed that the
Régimbal and Mozurkewict2000, PAA is also likely to ox-  actinic flux inside aerosol particles is enhanced by a fac-
idize CI at the rate two to three orders of magnitude slowertor of two relative to that in the surrounding air as a result

than oxidizing Br: of multiple scattering within the particlefk@ggaber et al.
B B 1997. Numerical integration is performed with the Liver-
CI™ + PAA — CIO™ + CH3COOH (59) more Solver for Ordinary Differential Equations with gen-

In the present work, the rate constant of Reactli#) {s es- eral Sparse jaco_bian matrix (L.SODE$-)i|0dmarsh 1933' .
timated by the rate constant ratio between the reactions o ithough actual time steps fo.r |ntegrat|on.are determined n-
Br~ and CI” with HSQj takingsg as a reference (see Re- ternally by LS.ODES qlependlng on the stlffnes's of the qrd|-
action (A186) in Table S8 in the electronic supplement). nary differential equa‘Flon_system, Fhe external _tlme step Is .SEt
Pandis and Seinfeld1989, using a numerical model, to 120 seconds at which interval diurnally varying photolysis

. ; rates (J values) are given.
demonstrated that Reactio7] does not play a major role . i e
in cloudwater chemistry. However, ReactioB8)-(59) are The mid-latitude remote MBL condition is assumed for

potentially important for triggering autocatalytic halogen re- all model runs: 40N, Julian day 80 (equinox), 340 DU total
lease (see Sebts). ozone, clear sky, and the sea surface albedo of 0.05 for cal-

culating actinic flux; 1013.25 hPa total pressure, 293K tem-
perature, and 76.2% relative humidity for calculating reac-
4 Model description and experimental settings tion rates and hygroscopic particle growth.z @ixing ra-

tio is fixed at 20 nmgimol (Johnson et al.199Q Oltmans
Numerical experiments in the present work are performed byand Levy 1994. The mixing ratios of relatively long-lived
the box model SEAMAC, which describes chemistry gf O VOCs are also fixed at values typical of the remote MBL:
HOx, NOy, SQ, Clk, Brx species, hydrocarbons, and their [CHs]=1.7 pmofmol,
oxidation products in the gas phase and in the deliquescefiC,Hg]=400 pmofmol,
sea-salt aerosols occurring in the MBL of 1km thickness[C3Hg]=18 pmo}mol,
(Toyota et al. 2001). SEAMAC owes its basic architec- [CyH2]=35pmo}mol, and
ture to the ASAD atmospheric chemistry integration pack- [CO]=80 nmo}mol (Gregory et al.1996);
age Carver et al.1997, which allows flexible modifications [CH3COCH;]=400 pmo}mol (Singh et al.2007);
of reaction scheme. As described in the previous section, th¢CHBr3]=1 pmol/mol (Penkett et a).1985 Yokouchi et al,
reaction scheme is updated to achieve a near-explicit descrif997).
tion of degradation of up to £hydrocarbons. Consequently,  For shorter-lived species such as alkenes, nitrogen ox-
the model includes 199 gas-phase species undergoing 648es, and DMS, influxes from the ocean surface and/or from
reactions and 100 agueous-phase species undergoing 279 tbe free troposphere are invoked to maintain their calcu-
actions. Chemical interactions between the gas- and aerosolated mixing ratios in the MBL (see Tab®. The oceanic
phases are treated as reversible mass transfer (43 speciesjnissions of GHs and GHg are taken from four indepen-
irreversible uptake onto aerosols (1 speciesS&h), or het-  dent works, which derived different values by more than an
erogeneous surface reactions on aerosols (10 species). Korder of magnitude jonahue and Prinnl99Q Bonsang
netic parameters have also been updated from those in o993 Plass-Milmer et al, 1993 Thompson et al.1993.
previous work Toyota et al. 2001), where new experimen- Oceanic CHCHO emissions are estimated so as to give the
tal data are available (see the electronic supplement for a fulbbserved mixing ratios in the remote MBISifigh et al.
account of reactions considered in the present work). Size2001 Wisthaler et al.2002. NOy is supplied into the model
dependent aerosol processes are expressed by segregating biox in the form of NO, N@, HNOs, or PAN by entrainment
size distributions of sea-salt aerosols into 8 size bins accordfrom the free troposphere Bx 10° molecule cm?s~1) and
ing to their dry radius (from 0.06 pm to 16 um). For each by emission from the ocean 2.0’ molecule cnm?s™1). A
bin, volumetric mean values are prescribed for liquid waterlarge fraction of NO, N@, and PAN will be converted
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Table 2. Influxes of chemical species that enter in the MBL from

the free troposphere or from the ocean.

Species Influk Reference

Entrainment from the Free Troposphere

NOy 15x10°  Estimate§*
Emissions from the Ocean

DMS 2x10°  Quinn et al(1990

NO 7x 107 Zafiriou and McFarlan@1981)

CoHy 2.4x10®  Plass-Dilmer et al (1993
6.15x10° Thompson et a1993
1.8x10°  Bonsang1993, base case
5.4x10°  Donahue and Prin(1990

CsHg 9.8x10’  Plass-Dilmer et al (1993
4.45x108  Thompson et a1993
1.0x10°  Bonsang1993, base case
8.8x10°  Donahue and Prin(L990

CH3CHO 36x10°  Estimated, base cabe
8x10° Estimated, higher cade

Notes:

a Unit: moleculecm?s—1;

b Estimated to yield about 10—20 prjimiol of NOy (Gregory et al.
1996 Heikes et al. 1999, where NQ flux from the free tropo-
sphere is assumed to comprise 20% \@30% PAN, and 50%
HNO3 (Kondo et al, 1997);

¢ A sensitivity study is also performed in which N@ux is changed
between %108 and 1x 1019 molecule crim2s~1 (see Sect5.4);

4 Estimated to yield CHICHO mixing ratios of about 90 pmgaiol
(base caseSingh et al. 2001) or about 200 pmgmol (higher case;
Wisthaler et al.2002

to HNOs or BrONG;, via photochemical processes in the

MBL, thereby serving as a source of JOn the sea-
salt aerosols along with HNentrained from the free
troposphere.
(2x10° molecule cn?s~1) will be oxidized to give SG

or CH3SQ; . In our model runs NQ, SG~, and CHSOy

thus produced are the principal sources of acidity in sea-sal
aerosols (see Fig&b—d). Among the species emitted from

the ocean, NO, g¢H4, C3Hg, and CHCHO are primarily
produced via photochemical processes in seawsdir{ou
and McFarland 1981 Ratte et al. 1993 1998 Zhou and

Mopper, 1997 and hence their emission rates are scaled by

diurnally varying J(NQ) values.

Similarly, DMS emitted from the ocean

K. Toyota et al.: Photochemistry of VOCs and halogens in the MBL

D= ) 1
Zmbl 14 vo/CmUs

where Zp is the MBL thickness=£1km), Cy is bulk co-
efficient for mass transfer over the oceatr0(0011;Garratt
1992, andUs is wind speed over the oceaggm/s). The

wet deposition is assumed to take place for carboxylic acids,
aldehydes, and carbonyl halides as a first-order loss process
with =8 day.

5 Results and Discussion

In the present work the impacts of acetaldehyde, alkenes,
and acetylene on bromine activation are assessed by vary-
ing their oceanic emission rates or their mixing ratios in the
MBL (see Table3). In each run numerical integration is
carried out for 20 days long, starting at 0:00 a.m. local sun
time. Initially, halogen species are present only in the forms
of Br~ (~9.8 pmol/mol) and Ct (~6.4 nmol/mol) within
nascent sea-salt aerosols, HCI (60 pfmadl) and CHBg

(12 pmol/mol) in the gas phase. Uptake of sulfur and nitrogen
oxides from the gas phase initiates radical chain reactions in
the deliquesced sea-salt aerosols, which consequently release
a small amount of Brto the gas phase. At the same time
sea-salt aerosols other than those belonging to the largest-
size bin are acidified and buffered to pH of about 4-5 by
releasing (or taking up) HCI to (or from) the gas phase (see
Figs. 2a—f). Under sunlight Reactiong)(10) also operate

to release Br and BrCl from the acidified sea-salt aerosols
and thus the amounts of reactive halogen species increase
significantly with time (see Figs8a—f). Within 10 days or

so, the temporal evolutions of pH andQleficits in the sea-

salt aerosols other than those belonging to smallest-size bins
are getting stabilized and the buildup of reactive halogens
is limited by the decreased availability of Biin the sea-

§alt aerosols. However, pH andCtleficits in the sea-salt
aerosols of smallest-size bins evolve slowly with time in ac-
cordance with the accumulation of sulfate until Day 20. This
causes the gradual buildup of reactive halogens lasting until
Day 20.

In Runs 1la—e and 2-5, the oceanic emission rate(s) of ei-
ther CHBCHO or alkenes are varied to examine their impacts
on reactive halogen chemistry. Here the mixing ratios of

Organic oxygenates, whether halogenated or not, will beHCHO, CHsCHO, GHgy, and GHg are calculated accord-
subject to dry and/or wet deposition. In the present work,ing to their oceanic emissions, photochemical sources/sinks,
dry deposition velocities for organic oxygenates are givenand dry/wet deposition to the sea surface with the ini-

as follows: 0.1 crisec for ketones and alcohols, 0.5tsac

tial mixing ratios given as [gH4]=[C3Hg]=0 pmol/mol,

for peroxy radicals, hydroperoxides, aldehydes except fof{CH3CHO]=90 pmofmol, and [HCHO]=300 pmgimol in

CH3CHO, and carbonyl halides (e.g. HCOBY), and 1/set
for carboxylic acids. The dry deposition velocitiag) are
then converted to first-order loss rate coefficient® (n
the model box following an approach taken bgvy et al.
(1985:

Atmos. Chem. Phys., 4, 1961987, 2004

each run. Their mixing ratios generally reach quasi-steady
states on shorter time scales than those of reactive halogens
(not shown). Thus the quasi-steady-state levels of reactive
halogens after Day 10 and their transient behaviors before
that are persistently affected by the “adjusted” mixing ratios
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Fig. 2. Simulated temporal evolutions of pk&), (HNO3 + NO;)/Na* molar ratio (b), (HSO, -+-SO§(7)/NaJr molar ratio (c),

(CH3SOzH + CH:,;SOg)/NaJr molar ratio(d), excess Ct in pmol/mol (e), CI~/Nat molar ratio(f), Br~ in pmol/mol (g), and Br /Na*

molar ratio(h) as a function of particle size of the sea-salt aerosols for Run la. Daily averaged values on Days 1 (black lines), 2 (red lines), 3
(green lines), 5 (blue lines), 10 (violet lines), 20 (orange lines) are presented. Dotted lines correspond to values in hascent sea-salt aerosols
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Fig. 3. Impacts of the oceanic emissions of acetaldehyde and alkenes on the simulated mixing ratios of brominéayfeaieda,(b) Run

1b, (c) Run 1c,(d) Run 2,(e) Run 4, andf) Run 5. Black lines represent the total mixing ratios of Bn sea-salt aerosols, red lines the

total mixing ratios of inorganic gaseous bromine species, and green lines the total mixing ratios of organic gaseous bromine species formed
via Br-initiated degradation of §H4, C3Hg, and GH».
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Table 3. Overview of model runs.

No. Brief Description

la Base run; alkene emission rates taken fBamsang1993

1b  The same as Run la but without the oceanic emission gOEKD

1c  The same as Run 1a but with the higher emission rate gfB3EHD from the ocean

1d  The same as Run la but without the oceanic emissionldf;C

le The same as Run la but without the oceanic emissioglé§ C

1f  The same as Run 1a but with absorption cross sections for brominated hydroperoxides red-shifted by 50 nm

1g The same as Run la but with redugedalues & 8x 10‘4) for hydrolysis of HCOBYHCOCI on aerosols

1h  The same as Run la but with specify[@H>]=200 pmo}mol (cf. [CoH2]=35 pmo}mol in Run 1a)

li  The same as Run 1g but with specifyif@H2]=200 pmo}mol (cf. [CoH2]=35 pmo}mol in Run 1g)

1j The same as Run la but with halogen chemistry switched off by taking off the atmospheric loading of sea-salt aerosols and by
specifying[CHBr3]=0 pmol/mol

2 No alkene emissions from the ocean

3 Alkene emission rates taken frdPhass-Dilmer et al.(1993

4  Alkene emission rates taken frofhompson et a1993

5  Alkene emission rates taken frdbonahue and Prin(l990

6a  Similar to Run 2 but with the mixing ratios o84, C3Hg, HCHO, and CHCHO fixed at 0.0, 0.0, 265.6, and 80.2 prtrabl,
respectively

6b  Similar to Run 1a but with the mixing ratios 084, C3Hg, HCHO, and CHCHO fixed at 89.9, 12.6, 301.2, and 94.7 pyimobl,
respectively

6¢c  The same as Run 6a but with the mixing ratios of HCHO and@HD fixed at 301.2 and 94.7 pmyohol, respectively

6d  The same as Run 6b but with the mixing ratios of HCHO and@HO fixed at 265.6 and 80.2 pnyohol, respectively

7a  Parameter sweep experiment; multiple model runs are performed in which different mixing ratiog@fOHure specified
ranging from 0 to 250 pmgimol with those of HCHO, @H4, and GHg fixed at 300, 30, and 15 pmhol, respectively

7b  Parameter sweep experiment; multiple model runs are performed in which different mixing ratyd4$,0d€ specified ranging
from 0 to 100 pmalmol with those of HCHO, CHCHO, and GHg fixed at 300, 90, and 15 pmhol, respectively

7c  Parameter sweep experiment; multiple model runs are performed in which different mixing ratigt$s0du@ specified ranging
from 0 to 30 pmolmol with those of HCHO, CHCHO, and GHy4 fixed at 300, 90, and 30 pmhol, respectively

7d  Parameter sweep experiment; multiple model runs are performed in which differgritux€s from the free troposphere are
given ranging from 5108 to 1x 109 molecule cnt? s~1 with the mixing ratios of HCHO, CHCHO, GyHg, and GHg fixed at
300, 90, 30, and 15 pmgahol, respectively

of these alkenes and aldehydes. Before proceeding to disatoms). NQ attacks in the gas phase and aqueous-phase re-
cussion about their influence on halogen chemistry, we willactions in deliguesced sea-salt aerosols make negligible con-
describe how the simulated mixing ratios of alkenes and aldetributions to the loss of HCHO and GEHO. Thus, the
hydes are related to their oceanic emissions. changing level of activity in halogen chemistry among model
runs is not a critical factor for determining the mixing ratios

5.1 Impacts of oceanic emissions on the mixing ratios ofof these alkenes and aldehydes.

CzHg, C3He, CH3CHO, and HCHO The oceanic emissions of alkenes and their resultant

buildup in the MBL, if they are large enough, can appre-

First of all, it should be noted that halogen chemistry plays aciably augment the photochemical loss rate of OH radicals
minor role in the photochemical loss 0§84, C3Hg, HCHO, (Donahue and Prinl990. In our model runs, however, the
and CHCHO in the MBL. Breakdowns of their photochem- simulated concentrations of OH radical, which is the most
ical loss processes in Run la (base run) are as follows: formportant scavenger of alkenes, change by not more than
CoH4 90% by OH attack, 9% by reaction withgQand the  25% following more than an order of magnitude change in
remaining 1% by reactions with halogen atoms (mainly Cl oceanic alkene fluxes (see Talle In addition, the mixing
atoms); for GHg 83% by OH attack, 14% by reaction with ratio of Oz, which is the second most important scavenger
O3, and the remaining 3% by reactions with halogen atomsof alkenes, is fixed at the same value (20 nmadl) in all
(mainly Br atoms); for HCHO 64% by photolysis, 35% by model runs. Thus, the simulated mixing ratios of alkenes
OH attack, and 1% by reactions with halogen atoms (mainlyare virtually linearly related to their oceanic emission rates.
Br atoms); for CHCHO 90% by OH attack, 5% by pho- Among the model runs conducted, Runs 1a and 4 yield the
tolysis, and 5% by reactions with halogen atoms (mostly Brmixing ratios of GH, (ca. 30—90 pmgimol) and GHs (ca.
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Table 4. Mixing ratios of GHy4, C3Hg, HCHO, CH;CHO, CH;OOH, CHzC(O)OOH (PAA), total inorganic gaseous bromine (ixBrtotal
brominated organic intermediates in the gas phase formed via Br-initiated degradatigii0f@3Hg, and GH» (0-Bry), NOx, and DMS,
OH concentrations, Bt loss from sea-salt aerosols, and net chemical production rates (f-@.(O3)) as simulated in Runs la—j and 2-5.
Daily averaged values on Day 20 are presented.

la 1b 1c 1d le 1f 19 1h 1li 1 2 3 4 5
CoHg? 89.9 83.0 95.0 0.0069 88.2 90.0 89.9 90.0 89.9 88.3 0.0 115 29.9 329.2
C3Hg* 12.6 11.3 13.4 12.3 0.0 12.6 12.6 12.6 12.6 12.6 0.0 1.2 5.4 134.3
HCHO? 301.2 260.8 331.2 283.4 285.6 298.8 302.0 301.1 302.0 3225 265.6 270.3 280.8 406.7
CH3CHO? 94.7 11.6 209.9 91.8 83.7 94.2 94.8 94.8 94.9 97.0 80.2 81.9 86.6 202.0
CH300H" 793.3 824.8 800.8 821.9 8149 798.9 7915 7934 7914 747.2 850.7 842.4 824.6 733.3
PAAY 79.8 26.9 140.1 79.8 70.8 80.4 79.7 80.0 79.8 75.7 71.2 71.9 74.9 156.5
Brrloss 375% 63.9% 21.6% 402% 43.0% 38.4% 37.3% 37.2% 37.1% - 48.1% 46.3% 425% 21.0%
i-Bry? 5.2 14.4 2.2 6.4 8.1 5.95 5.0 5.15 49 0.0 10.85 9.8 1.7 11
0-Bry? 15 5.8 0.5 14 0.7 11 1.6 15 1.6 0.0 0.00068 0.3 1.0 2.0
OHP 9.04 9.49 8.60 9.27 9.16 9.02 9.05 9.04 9.05 9.37 9.40 9.35 9.26 7.34
NOy? 195 115 23.4 18.2 16.8 18.8 19.7 195 19.8 25.1 14.7 154 17.1 25.6
DMS4 74.5 44.6 90.7 69.2 64.7 72.3 75.3 74.9 75.7 93.0 56.5 59.2 65.5 108.4
P-L(O5)¢ -1.09 -1.79 -0.86 -1.18 -1.28 -114 -1.08 -1.09 -1.07 -0.71 -1.46 -139 -126 -0.79
Notes:

4 Unit: pmol/mol;

b Unit: 10° moleculgcm3;

¢ Unit: nmol/mol/day, a negative value implies net chemical loss;

4 Formed via photolysis of acrolein (GHCHCHO), which is a minor product of4Elg degradation;
¢ HCOBr formed via the reaction Br +4E»

5-13 pmo}mol) in fair agreement with those observed in the et al.(200]) in the tropical/subtropical Pacific MBL (see Ta-

MBL (see Tablel). At these concentration levelsBg ex-

ble 1). Where the oceanic GXHO emission is switched
erts a much stronger influence on halogen chemistry thamff (Run 1b), the CHCHO mixing ratio decreases to as low
CoHg4 does (see Sect5.3-5.4). From this standpoint Run

as about 10 pmgimol, to which the oxidations of £Hg and

lais regarded as a base run in the present work, because@gHg equally contribute as a source. This implies that a

obtains the gHg mixing ratio in the middle of the typically
observed range. The mixing ratios ofi; and GHg Iin
Run 3 are about 10 pmohol and 1 pmolmol, respectively,

though the mixing ratios of g4, (ca. 330 pmgimol) and

significant fraction of CHCHO originates from its oceanic
emission in the remote MBL. Accordingly, the oceanic
CH3CHO emission 2.2 times greater than that in Run 1a, i.e.
which are near the lower ends of the observed ranges. Al8x10° moleculecm?s™1, is sufficient to reproduce more
than twice as high as GE€HO mixing ratio such as those

C3Hs (ca. 130 pmaimol) in Run 5 are well above those typ- observed byisthaler et al(2002 in the equatorial Indian
ically observed in the MBL remote from continental influ- Ocean (Run 1c; see Tablgésand4). It is interesting to note
ences, their impacts on bromine chemistry are noteworthy athat GHeg, if present as abundant as in Run 5, can also pro-
will be shown in Sect5.3. Since alkenes higher tharsi8g vide a dominant source of GEHO.
(isoprene in particular) are also emitted from the oc&ont The range of HCHO mixing ratios simulated in our model
ahue and Prinnl993 Pszenny et al1999 Yokouchietal,  runs (261-407 pmghol; see Tabld) agrees fairly well with
1999 Baker et al.2000 and then react quite rapidly with Br  those observed at Cape Grim (ca. 250-450 pmol; Ayers
atoms Bierbach et al.1996, Run 5 can be regarded as mim- et al, 1997, in the tropical Atlantic MBL south of ITCZ
icking a potentially feasible situation in which such higher (ca. 300-700 pmgmol; Junkermann and Stockwgll999,
alkenes play important roles. and in the tropical Pacific MBL (ca. 300 pmahol; Singh

In the case of aldehydes, relationships between oceaniet al, 2001). Although the oxidation of Chlis a dominant
emissions and simulated mixing ratios are relatively source of HCHO in our model runs, the simulated HCHO
complicated due to their secondary formation in the mixing ratios depend on the oceanic emissions of alkenes to
air. Where the oceanic GGEHO emission is set some extent. In addition to the photochemical production
to 36x10°moleculecm?s! (Run 1a), the simulated of HCHO via alkene degradation in the air, alkenes exert an
CH3CHO mixing ratio is about 95 pmgiol. This mix- indirect influence on the simulated HCHO mixing ratio by
ing ratio agrees quite well with those observed ®yngh changing NQ mixing ratios via bromine chemistry. As will
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[0.11] deposition deposition  deposition exchange gaseous form [0.43]
[0.0047] [1.37] [0.020] [0.091]  particulate form [0.0094]

Fig. 4. The material cycle of bromine species as simulated on Day 20 in Run 1a. The numbers in parentheses are daily average mixing
ratios in pmol(Br)/mol and those in brackets the rates of either chemical transformation or air-sea mass exchange in pmol(Br)/fol/day. “
represents decomposition via either thermal unimolecular reaction or fragmentation of an excited molecule. Where two or more reactions
contribute to the same transformation pathway, only those contributing by more than 2% of the total are listed in order of their relative
importance. Small imbalance in mass flow rates apparent fpisRraused by neglecting a contribution fronpBormation via self-reaction

of BrO. The net sea-to-air exchange rate of CkiBrcalculated so as to balance with its photochemical loss in the air, since the mixing ratio

of this compound is specified rather than simulated in the model.

be shown in Sect.3, bromine chemistry becomes less ac- ing that all aerosol particles consist of sea-salt aerosols) to
tive with increasing alkene mixing ratios, leading to a lessbe approximately 5 pmgiol and 32%, respectively, on av-

efficient oxidation of NQ via Reaction 10) followed by the
aerosol uptake of BrON&(Sander et al1999 Toyota et al,
2001). With increasing NQ mixing ratio, the yield of HCHO
from CHj, oxidation will increase and that of GG@®OH will
decrease instead (see Tadle On the same grounds, the
oceanic emission of C#CHO exerts an indirect influence on
the simulated mixing ratio of HCHO (and GBHO itself)
by changing N@ mixing ratios via bromine chemistry.

5.2 Impacts of CHCHO emission on bromine chemistry

erage. These figures are also in good agreement with those
obtained in Run la (see Tab#. An appreciable amount

of organic gaseous bromine species is also formed via Br-
initiated degradation of §H4, C3Hg, and GHo, building up
along with inorganic gaseous bromine species (see 5&xct.

for further discussion).

As noted before, reactions converting atomic Br to HBr
are capable of regulating bromine activation in the MBL
by impeding the autocatalytic halogen release. On the
Day 20 of Run 1a, the conversion of atomic Br to HBr

Figure 3a shows the temporal evolution of bromine speciesoccurs at the rate of 14.0 pmohol/day (see Fig4), of
in Run la (base run). The total mixing ratio of inorganic which 6.5 pmofmol/day happens via Reactiori4) and
gaseous bromine species is calculated to be slightly over.0 pmo}Jmol/day via ReactionX5). In other words, virtu-

5 pmol/mol on Day 20, originating mostly from volatiliza-

ally half of HBr originates from the reaction Br + GBHO

tion from sea-salt aerosols with a small contribution (3.7%)in Run la, mainly because GBHO is 3.4 times (at 293 K)

from CHBr; degradation (see Figd). This mixing ra-

more reactive toward atomic Br than HCHO is (see rate con-

tio agrees fairly well with those observed in the MBL at stants for G53 and G135 in Table S3 in the electronic sup-

Bermuda (6.7 pmgmol; Rahn et al.1976 and off the west
African coast (ca. 1-6 pmginol; Kritz and Rancherl198Q
Rancher and Kritz1980. By analyzing aerosol samples
obtained simultaneously with the gas samplksitz and

plement). On the daily average basis the mixing ratio of HBr
is approximately 2 pmgmol, making up 38% of the total

mixing ratio of inorganic gaseous bromine species. It ap-
pears that a significant fraction of bromine volatilized from

Rancher(1980 determined the concentration of particulate sea-salt aerosols is sequestered as HBr thereby making the
bromine and its fractional deficit relative to seawater (assum-availability of HOBr and BrONQ lower. In particular, HBr

Atmos. Chem. Phys., 4, 1961987, 2004

www.atmos-chem-phys.org/acp/4/1961/



K. Toyota et al.: Photochemistry of VOCs and halogens in the MBL 1975

constitutes nearly 70% of inorganic gaseous bromine during
the daytime when Reaction$){(10) operate to release reac- ©
tive halogen species from sea-salt aerosols (se&&)glt is ,%
also interesting to note that about 90% of HBr returns to the @@
autocatalytic cycle via either agueous-phase reactions in theg
sea-salt aerosols or OH attack in the gas phase, whereas onl
10% is irreversibly lost by dry/wet deposition (see .

The importance of CEICHO for bromine chemistry in the
remote MBL is also demonstrated by two sensitivity runs in
which the oceanic emission of GBHO is either neglected
(Run 1b) or increased by a factor of 2.2 (Run 1c). By neglect-
ing the oceanic emission in Run 1b, the simulatecsCHO
mixing ratio decreases to about 10 prmabl, which is lower
by over 80 pmagimol than that in Run 1a. The HCHO mix-
ing ratio also decreases by 40 prfrobl due to the secondary
effect mediated by bromine chemistry (see Séct). It
follows that the partitioning of HBr in inorganic gaseous
bromine species significantly decreases compared with Run local sun time
la (see Fig.5b) and that the total amount of inorganic
gaseous bromine species building up on Day 20 is 2.8-foldFig. 5. Diurnal variations in the mixing ratios of major reservoirs
greater than that obtained in Run 1a (see Bligand Tablet). of inorganic gaseous bromine species (HBr, blue lines; HOBTr, red
On the other hand, the mixing ratio of GEHO increases lines; BrONG, green lines; BrO, black lines; Brorange lines;
to as high as 210 pmahol and that of HCHO increases by and BrCl, violet lines) simulated on Day 20 for Runs(djand 1b
30 pmolmol (due to the secondary effect) in Run 1c com- (0).
pared with Run 1la. Consequently, the total amount of inor-
ganic gaseous bromine species building up on Day 20 is only ] o
42% of that obtained in Run 1a (see Fig.and Tablet). seawaFer will pe valuable for better characterizing the auto-

The temporal and spatial variabilities in the sea-air flux catalytic cycle in the MBL.
of CH3CHO and in its concentration in the MBL are not
well characterized at present. Recent observations, howevep,3 Impacts of alkene emissions on bromine chemistry
suggest that the GCHO mixing ratio can vary from less
than 70 pmagimol to over 250 pmgimol in the remote MBL ~ As shown in Figs3a—f and Tablel, organic gaseous bromine
(Singh et al, 2001 Wisthaler et al. 2002. Based on the species are formed photochemically in the presence of
numerical results presented here, we would expect that thalkenes and &Ho, building up along with inorganic gaseous
natural variability in CHCHO mixing ratio is an important bromine species. In Run la (base run), the total mixing ratio
factor for regulating autocatalytic halogen release in the re-of organic gaseous bromine species formed from Br-initiated
mote MBL (see also Secs.4). degradation of alkenes angI@; (i.e. excluding CHBg and

Although the rate constant for Reactiod6) is even its degradation product CBD; hereafter, the terms “organic
greater than that for Reactiorld), the mixing ratios of gaseous bromine species” and “brominated organic interme-
C,H5CHO (formed exclusively via §Hg oxidation) are cal-  diates” refer to those produced via Br-initiated degradation
culated to be not more than 0.2 prwlol in our model runs.  of alkenes and gH5) reaches approximately 30% of that of
Therefore it is tentatively concluded thabldsCHO is of  inorganic gaseous bromine species. The brominated organic
negligible importance for bromine chemistry in the remote intermediates thus formed consist mainly of hydroperoxides
MBL. There might be a possibility, however, that a substan-and carbonyl compounds (see F&j. In particular, three ma-
tial amount of GHsCHO is emitted from the ocean along jor brominated hydroperoxides, i.e. GEH(OOH)CH,Br,
with CH3CHO and thereby exerts a substantial influence onBrCH,OOH, and BrCHCH,OOH, collectively constitute
the autocatalytic cycle. It should also be noted that the chem58% of the total amount of brominated organic intermedi-
istry of 1-C4Hg, which provides a source ofBlsCHO, is  ates in Run 1la. The predominance of hydroperoxides over
neglected in the present work. An appreciable amount of 1-carbonyl compounds is due to the present experimental con-
C4Hs, although slightly smaller than that of;8g, is likely ditions representing the low-NQenvironment. Apprecia-
to be emitted from the oceaB@nsang1993 Plass-Dilmer  ble amounts of brominated carboxylic acids, percarboxylic
et al, 1993. Since alkyl aldehydes tend to be more reactive acids, and alcohols are also formed. Although brominated
toward atomic Br as the carbon number of alkyl group in- carboxylic acids (BrCHCOOH and CHCHBrCOOH) are
creasesRamacher et 312000, measurements offElsCHO capable of being dissolved in deliguesced sea-salt aerosols
and even higher alkyl aldehydes in the air and/or underlying(see Tables S6-7), they reside mostly in the gas phase and do

r

pmol(Br)/mol
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pmol/mol As mentioned in Sects.1, alkene mixing ratios typical
090 Q& 0§ Q§> 0@& 07& &0 Q??’ Q@ of the remote MBL are obtained in Runs la-c and 4, in
Ll ‘ Ll ‘ Ll ‘ Ll ‘ Ll ‘ Ll ‘ L1l ‘ Ll WhICh Cases o_&r/l_BrX ratlos range from 013 (Run 4) to

0.41 (Run 1b). Therefore, the total mixing ratio of organic

BrCH,CHO
2 . . . .
CH,CHBICHO gaseous bromine species is likely to reach 10—-20% or more
CH.C(O)CH.Br of that of inorganic gaseous bromine species over wide re-
3 2

BrCH,00H gions in the MBL. Here it should be noted thajigs is likely
BICH, CH,OOH e to make a Igrger contr_lbut|on to the formatlpn qf bromi-
nated organic intermediates thanHZ does, primarily be-
cause @Hg is approximately 20 times more reactive toward
m— atomic Br than GHy is. In Runs 1d-e the oceanic emission
- of either GH,4 (Run 1d) or GHg (Run 1e) is neglected, while
otherwise identical to the boundary conditions in Run 1a, to
s show the relative importance of respective alkenes for the for-
mation of organic gaseous bromine species. The,gifBry
ratio still reaches 0.21 in Run 1d, whereas it drops to 0.087 in
Run 1e even though thesH4 mixing ratio (~88 pmo}mol)
is near the upper end of the range typical of the remote MBL.
By converting reactive inorganic bromine species to
the relatively inactive organic form via reactions between
alkenes and Br atoms, the oceanic emissions of alkenes, as
with CH3CHO, are capable of impeding bromine activation

CH,CH(OOH)CH,Br
CH,C(O)CHBrOOH
CH,CHBICH,O0H
CH,CHBrOOH
BrCH,OH
BrCH,CH,OH
CH,CH(OH)CH,Br =
CH_,C(O)CHBrOH
CH,CHBICH,OH [
BrCH,COOH [
CH,CHBICOOH
BrCH,C(O)OOH [rmmmm—
CH,CHBIC(O)OOH [F

. PErAN in the MBL. For instance, the total mixing ratio of inorganic
I-BrAcetPAN- gaseous bromine species obtained in Run 1a is only half of
CHHEgE:_ that obtained in Run 2 in which the ocegnic emissions of
CH C(O;C(O)Br CoHg _and (‘3H_6 are both neglected (see Figa, d). Where
: CH.Br b the mixing ratios of alkenes both exceed 100 pfmasl (Run
3

5), the amount of inorganic gaseous bromine species build-
R RN R R R RN R ing up on Day 20 is an order of magnitude smaller than that

Fig. 6. Mixing ratios of brominated organic intermediates formed in Run 2 (see Fig3). . . .
via Br-initiated degradation of £H4, C3He, and GHs in Run 1a It should be noted that the conversion of atomic Br into

(black bars), Run 1f (blue bars), and Run 1g (orange bars). DailyProminated organic intermediates via reactions with alkenes
averaged values on Day 20 are presented. occurs at the rate more than an order of magnitude slower
than the conversion of atomic Br into HBr via reactions with
not make noticeable contributions to bromine content in thealdehydes in Run 1a (see Fig). Once formed, however,
sea-salt aerosols. brominated organic intermediates are fairly resistant to fur-
Actually, Br-initiated GH> degradation makes a negligi- ther degradation to regenerate inorganic bromine species.
ble contribution to the formation of brominated organic in- Their degradation to inorganic bromine takes place mostly
termediates. Where the oceanic emissions of alkenes arda decomposition of brominated alkoxy radicals (Reac-
neglected (Run 2), HCOBr formed via Reacti@B)solely  tions 33-34) and brominated acetyl radicals (Reactidt)
makes up the brominated organic intermediate and its mix-and via heterogeneous reactions of HCOBr on the aerosol
ing ratio reaches only 0.007% of the total mixing ratio of in- surface. An average timescale for brominated organic in-
organic gaseous bromine species (see Tdldad Fig.3d; termediates to regenerate inorganic bromine is estimated to
see also discussion in Seéth). It follows that the sim- be 57h in Run 1la, by dividing the sum of the production
ulated molar ratio of the total amount of organic gaseousrates of Br atoms, HBr, and Brfrom brominated organic
bromine species to that of inorganic gaseous bromine specidatermediates into their total concentration. This timescale
(o-Bry/i-Bry ratio) depends strongly on the mixing ratios of is much longer than that for the reentry of HBr into the au-
alkenes in our model runs. In Runs 3 and 5 the simulatedocatalytic cycle, i.e. Reactiong)(10), by aerosol uptake
mixing ratios of alkenes are either lower or higher by an or-or via OH attack, which is estimated to be 3.7h. Among
der of magnitude than those obtained in Run 1a, leading tahe brominated organic intermediates formed in Run 1la,
significant changes in 0-Bfi-Bry ratio from 0.034 (Run 3) 59% undergoes futher degradation to regenerate inorganic
to 1.86 (Run 5) (see Tabkeand Fig.3f). Itis interestingto  bromine species and the remainder is lost via dry/wet de-
note that the total amount of organic gaseous bromine specigsosition. Then the dry/wet deposition of brominated organic
can exceed that of inorganic gaseous bromine species wheietermediates makes up 22% of the total deposited bromine
alkenes are so abundant as in the case of Run 5. in the gaseous form. In this way the chemical stability of
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Table 5. Sources and sinks for brominated hydroperoxideszCH(OOH)CH,Br, BrCH,CH,OOH, and BrCHOOH, on Day 20 in Run
la. The relative contribution of each loss pathway to the overall loss of each compound is also given in parentheses.

[CH3CH(OOH)CH,Br] = 0.377 pmofmol

— Source —
CH3CH(OO)CH5Br + HO»
— Sink —

CH3CH(OOH)CH2Br + hv — 0.86 x CH3COCH,Br + 0.14 x BrCH,OO + products

CH3CH(OOH)CH»Br + OH — CH3C(O0O)CH»Br 4+ H,O
CH3CH(OOH)CH,Br + OH — CH3C(O)CHyBr + OH + H,0
dry deposition

0.512 pmofmol/day

0.039 pmgiol/day (7.7%)
0.114 pmolmol/day (22.2%)
0.251 pmolmol/day (49.0%)

0.108 pmginol/day (21.2%)

[BrCH,CHoOOH] = 0.145 pmoimol

— Source —

BrCH,CH,00 + HO,

— Sink —

BrCH,CH,OOH + hv — BrCH,CHO + HO, + OH
BrCH,CH,OO0OH + OH — BrCH,CH,00 + H,0
BrCH,CH,OOH + OH — BrCH,CHO + OH + H>O

0.147 pmofmol/day

0.015 pmolmol/day (10.2%)
0.043 pmolmol/day (29.5%)
0.047 pmolmol/day (31.9%)

dry deposition 0.042 pmginol/day (28.5%)
[BrCH,OO0H] = 0.373 pmolmol

— Source —

BrCH,OO0O + HO, 0.353 pmofmol/day

— Sink —

BrCH,OOH+ hv — 0.99 x Br + 0.01 x HCOBr+ products
BrCH,OOH + OH — BrCH,OO + H,0
BrCH,OOH + OH — HCOBr+ OH + H,0

0.037 pmgimol/day (10.5%)
0.107 pmolmol/day (30.5%)
0.101 pmolmol/day (28.6%)

dry deposition 0.107 pmpinol/day (30.4%)

brominated organic intermediates will allow their buildup in son(1995 alerted that the extended use of the SAR method,
the air, sequestering bromine from a reactive inorganic poobhs employed in the present work, can lead to errors in the
as well as providing an additional route for the depositionalestimated rate constants by a factor of two or more. How-
loss of bromine from the air. ever, the errors as large as an order of magnitude would be
Based largely on estimated rate constants, numerical pregquite unlikely to occur for the majority of reactions. On the
dictions made in the present work should be subject to errorother hand, our estimation for the photolysis rate of bromi-
associated with such estimates. In particular, the rate connated hydroperoxides (identical to that of §BOH) is solely
stants of OH-attacks/photolysis of brominated hydroperox-based on the experimental evidence that absorption cross sec-
ides exclusively rely on estimation, even though they consti-tions of CHBOOH, HOCHOOH, and CICHCH,OOH vir-
tute more than half of brominated organic intermediates (sedually identical to one another (see Sect. S10 in the electronic
Fig. 6). supplement). In a sensitivity run in which the absorption
Table5 presents the budgets of three main brominated hy-Cross sections of brominated hydroperoxides are red-shifted
droperoxides formed in Run 1a. It is estimated that the phoby 50 nm relative to those of G®OH (Run 1f), the 24-hour
tochemical loss of these hydroperoxides are generally domiaverage J value for brominated hydroperoxides increases by
nated by OH attacks with an order of magnitude smaller con-a factor of 15, making their overall photochemical lifetimes
tributions from photolysis and that their photochemical life- shortened by a factor of 2-3. This results in a twofold de-
times do not differ much one another (22—36 h). As describedcrease in the mixing ratios of brominated hydroperoxides,
in Sect. S10 in the electronic supplement, the rate constant&hile accompanying a slight increase in the mixing ratios of
of OH attacks on brominated hydroperoxides are estimatedprominated carbonyl compounds and their degradation prod-
based on structure-activity relationships (SAR) with relevantucts such as BrC4#COOH (see Fig6). Overall, an appre-
parameters taken froldwok and Atkinson(1995, Jenkin  cCiable amount of organic brominated intermediates, reach-
et al. (1997, andSaunders et a(2003. Kwok and Atkin-  ing 1.1 pmofmol (0-Br/i-Brx ratio is 0.18), also builds up
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Table 6. Sources and sinks for brominated carbonyl compoundgG@CH,Br, BrCH,CHO, and HCOBr, on Day 20 in Run la. For the
sake of simplicity, common pathways are lumped together and those contributing by less than 0.2% of the overall production/loss of each
compound are disregarded. The relative contribution of each common production/loss pathway is given in parentheses.

[CH3COCH,Br] = 0.139 pmo}fmol

— Source —
CH3CH(OO)CH,Br + NO/CH300 0.248 pmagimol/day (46.1%)
CH3CH(OOH)CH»Br + OH/hv 0.285 pmofmol/day (53.0%)
CH3CH(OH)CH,Br + OH 0.005 pmolmol/day (0.9%)
— Sink —
CH3COCH,Br + hv — 0.523 pmol'mol/day (97.3%)
0.625 x BrCH,OO + 0.25 x BrCH,C(O)OO0 + 0.125 x Br + products
CH3COCH,Br + OH — CH3COCHBroO+ H,0 0.0034 pmglmol/day (0.6%)
dry deposition 0.011 pmginol/day (2.0%)
[BrCH,CHO] = 0.113 pmgimol
— Source —
BrCH,CH,00 + NO/CH300 0.105 pmagimol/day (55.8%)
BrCH,CH,OOH + OH/hv 0.062 pmol'mol/day (32.7%)
BrCH,CH,OH + OH 0.0079 pmgimol/day (4.2%)
Br + acrolein 0.014 pmgmol/day (7.2%)
— Sink —
BrCH,CHO + hv — 0.997 x BrCH,OO + 0.003 x CH3Br + products 0.104 pmgimol/day (55.5%)
BrCH,CHO + OH — 0.5 x BrCH>,C(O)OO + 0.25 x (BrCH,OO + Br) + products  0.037 pmgmol/day (19.5%)
dry/wet deposition 0.047 pmahol/day (24.8%)
[HCOBr] = 0.012 pmofmol
— Source —
BrCH,OO + HO, 0.039 pmol'mol/day (27.2%)
BrCH,O + Oy 0.00084 pmgimol/day (0.6%)
BrCH,OOH + OH 0.101 pmgimol/day (69.8%)
Br + CoH» 0.0035 pmolmol/day (2.4%)
— Sink —
HCOBr — HBr + CO (on aerosols) 0.134 pmyohol/day (93.0%)
HCOBr+ OH/hv — Br + products 0.005 pmginol/day (3.5%)
dry/wet deposition 0.005 pmahol/day (3.5%)

in Run 1f and the total mixing ratio of inorganic gaseous change significantly by errors in the rate estimates for spe-
bromine species is simulated to be only 14% higher than thatific reactions.

in Run la (see Tablé). One may expect a possibility that halogenated hydroper-

_ ) oxides (and other halogenated organic oxygenates formed

In the remote MBL with low NQ concentrations, a large along with them) are decomposed more promptly than es-

fraction of alkenes that react with Br atoms forms bromi- yimated in the present work to regenerate inorganic halogen
nated hydroperoxides, whose further degradation results IRpecies via some unknown mechanisms. In their modeling

the formation of brominated carbonyl compounds. Then thegy gy concerning “bromine explosion” in the Arctic bound-
decomposmo_n of brominated aII_<oxy/acetyI _radlcals, which ary layer,McConnell et al(1992 even assumed that bromi-
are formed via further degradation of brominated carbonyl5¢eq hydroperoxides and other brominated organic oxy-

compounds, provides a main pathway to regenerate inorganigenates are effectively scavenged by the surfaces of snow and
bromine (Br atoms) from brominated organic intermediatesgarosols and are then converted te A reaction with Br:

(see Table$-6). In this manner multiple reaction steps are ) B

generally involved in regenerating inorganic bromine speciesorgan'C'Br+ Br~ — Brz + products (60)

from brominated organic oxygenates, so that the simulatedHowever, the feasibility of such reactions has never been ex-
overall impacts of alkenes on halogen activation will not plored with laboratory experiments. We would expect that
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_SUCh reactions, if they do happen, proceed very slowly 8Srable 7. Total mixing ratios of inorganic gaseous bromine species
in the case of aqueous-phase reactions between PAA anglpy,) in Runs 6a—d. Daily averaged values on Day 20 are pre-

Cl~/Br~ and do not exert any noticeable influences on theggnted.
behaviors of halogenated organic oxygenates (see &égt.

It should also be noted that wall reactions of CKtMDH and Run6a Run6b Run6c Runé6d
BrCH,OOH were unobservable in previous chamber experi- o
ments Chen et al.1995 Wallington et al, 1996). CaHy ) 0.0 89.9 0.0 89.9
. ) . CgHg® 0.0 12.6 0.0 12.6
In this respect, the reactive uptake coefficient &s large b
. . . HCHO* 265.6 301.2 301.2 265.6
as 0.1 is already assigned for the heterogeneous reaction b
f HCOBT t . HBr + CO in R 1 Se@.? CH3CHO* 80.2 94.7 94.7 80.2
0 r to give Hor in Run 1a (see Sed.). i-Bry? 1115 526 787  6.75

The rapid heterogeneous loss makes the chemical lifetime
of HCOBr shorter than 3h and provides an important path-y s

way to regenerate inorganic bromine from brominated or-a jpjt- pmol/mol:

ganic intermediates (see Taleand Fig.4). By decreas-  ? Mixing ratios are fixed at given values
ing y to 8x10~* as in the case of heterogeneous reactions

of acetyl halides (Run 1g), the HCOBr mixing ratio is sim-

ulated be more than an order of magnitude higher than thaﬁvely implying that the increase in GEHO and HCHO

in Run la (see Fig6). Although a consequent change in __.°. . .
N ; . : ) .__mixing ratios by secondary effects also plays an important
the total mixing ratio of inorganic gaseous bromine species

. X role in the impacts of oceanic alkene emissions on bromine
is less than 5% (see Tab#, this result warrants further ex- L P

. ST . ctivation.
perimental studies in light of the heterogeneous reactions o?

halogenated organic oxygenates (especially hydroperoxides) 10 Survey the dependence of bromine activation on each
on/in aerosols and cloud droplets. of CH3CHO, GHj, and GHg mixing ratios within their

typical ranges in the remote MBL (see Tahlg three
5.4 Additional model runs with the fixed mixing ratios of Sets Of parameter sweep experiments are also performed.
HCHO/CH3CHO/CyHa/CsHg In each experiment multiple model runs are conducted,
taking [HCHO]=300 pmgimol, [CH3CHO]=90 pmo}maol,
As shown in the previous section, the oceanic alkene emistC2H4]1=30 pmo}mol, and[C3Hs]=15 pmo}mol as a base-
sions are capable of impeding bromine activation in the MBL line condition. Here the sensitivities of model behaviors on
by forming brominated organic intermediates (“direct” influ- €ither CRCHO mixing ratio (from 0 to 250 pmgiol; Run
ence). Actually, the oceanic emissions of alkenes also resulf@). GHa mixing ratio (from 0 to 100 pmgimol; Run 7b),
in the increase in the mixing ratios of GAHO and HCHO  ©f C3He mixing ratio (from O to 30 pmgimol; Run 7c) are
in the MBL (see Sect5.1). This could represent an addi- examined. Under the baseline condition the total mixing ra-
tional factor for impeding bromine activation (“indirect” in- tio of inorganic gaseous bromine species is simulated to be
fluence). In order to separate contributions from the “direct” 9.7 Pmo}mol with the 0-Bg/i-Br ratio of 0.29. As shown
and “indirect” influences, model runs are conducted in whichin Figs.7a and c, the degree of bromine activation depends
the mixing ratios of GHa, CsHg, HCHO, and CHCHO are ~ quite strongly on changes in GBHO and GHg mixing ra-
specified rather than simulated in the model (Runs 6a—d; selos. Within the probable range of G8HO mixing ratios in
Tables3 and7). In Runs 6a and 6b the mixing ratios ofi@,,  the remote MBL (70-250 pmginol) the total mixing ratio
CsHs, HCHO, and CHCHO are specified to the daily aver- of inorganic gaseous bromine species ranges between 1.9—
age values on Day 20 in Runs 2 and 1a, respectively. Accord?-2 Pmojmol with 0-Bry/i-Bry ratio ranging between 0.20—
ingly, the total mixing ratios of inorganic gaseous bromine 0.31. Within the probable range ofs8s mixing ratios in
species simulated on Day 20 in Runs 6&d.( pmoymol)and  the remote MBL (2-30 pmgiol), the total mixing ratio
6b (~5 pmol/mol) are very close to those in Runs 2 and 1a, of inorganic gaseous bromine species ranges between 4.5—
respectively. In Run 6¢ the mixing ratios oplgs and GHg /-6 Pmoymol with 0-Bry/i-Bry ratio ranging between 0.06—
are fixed at 0 pmgimol (the same as Run 6a), whereas those0-54. A change in gHs mixing ratio has a weaker influ-
of HCHO and CHCHO are increased to 301.2 pryioiol ence on bromine activation than those in4CHIO and GHg
and 94.7 pmolmol, respectively, matching those in Run 6b. mixing ratios do. As GH4 mixing ratio is increased from 5
On the other hand, in Run 6d the mixing ratios ofHz  t© 90 pmoj/mol (sweeping the probable range in the remote
and GHg are fixed at the same values as those in Run 6bMBL), the total mixing ratio of inorganic gaseous bromine
whereas the mixing ratios of HCHO and @EHO are de-  SPecies decreases by only about 10% (see7big.
creased to 265.6 pmohol and 80.2 pmgimol, respectively, Finally, it should be noted that NOmixing ratio is also
matching those in Run 6a. Consequently, the total mixing ra-an important factor for determining the os8i-Bry ratio.
tios of inorganic gaseous bromine species is simulated to bén the model runs presented so far, Nflux from the free
~8 pmol/mol and~7 pmol/mol in Runs 6¢ and 6d, respec- troposphere was specified tdbk 10° molecule cmm?s~1 to
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tio then decreases down to 8 pmmiol or increases up to

_ 15 ] 88 pmo)mol. The latter is to represent the N@ixing ratios
g in the MBL under the relatively polluted conditionkgndo
E et al, 1997. Under these conditions the simulated g-Br
=1 Bry ratio ranges between 0.14-0.36, which decreases with
g increasing N@ mixing ratio (see Fig.7d). The partition-
] ing of hydroperoxides in brominated organic intermediates
0 0 C ‘5‘0‘ o ‘1(‘)0‘ o ‘150‘ o ‘2(‘)0‘ o ‘250 _decreases_significanftly, yvhereqs that c_)f.carbor)yl compounds
CH,CHO, pmol/mol increases instead, with increasing N@ixing ratio. For in-
3 stance, in the situation where the N@ixing ratio is sim-
15 A — ulated to be 88 pmgmol, three major hydroperoxides (i.e.
S ] (b) T CH3CH(OOH)CH,Br, BrCH,OOH, and BrCHCH,OOH)
£ 10 - collectively constitute 40% of the total amount of brominated
) ] organic intermediates (reduced by 18 percent points from
g 5 e Run 1a), whereas GICOCH,Br becomes the most abun-
g ] dant brominated organic intermediate making up 25% of the
0 N — total. Thus, Br-initiated alkene degradation is more likely to
0 20 40 60 80 100 bypass the formation of hydroperoxides and to directly pro-
C,H,, pmol/mol duce carbonyl compounds with increasing \N@ixing ratio,
thereby reducing the number of reaction steps to regenerate
15 4 N inorganic bromine species (cf. TablBs6). Hence the im-
g ] © | pacts of oceanic alkene emissions on the autocatalytic cycle
= 10’: L will be generally stronger in the pristine MBL than in the
g |- ) relatively polluted MBL.
o 5 - T
E 7
0+ ‘ I LA e e e o 5.5 Impacts of GH2 on bromine activation
0 5 10 15 20 25 30
C3H6, pmol/mol
In their modeling studypander et al1997) found that GH»
20 7 ‘/ T as well as GH4 can effectively impede the “bromine ex-
g 15 1 (d) g plosion” in the springtime Arctic boundary layer, given that
= ] - r all the Br atoms reacting with 481, produce organically-
Q 104 3 bound bromine compound(s) (most likely HCOBr) and that
E 5 \/-\ " the product(s) are completely inert against further degrada-
e 1 tion to regenerate inorganic bromine species.
0 0 | 2‘0 o 4‘0 - 6‘0 - 8‘0 . ‘100 As determined experimentally byarwood et al.(199])

NOx, pmol/mol

and Ramacher et a2001), however, less than 20% of the
reaction Br+GH> results in HCOBr formation, whereas the

Fig. 7. The total mixing ratios of BT in sea-salt aerosols (black remainder gives inorganic bromine species such as HBr or
lines), those of inorganic gaseous bromine species (red lines), anBr atoms (see ReactioB3). Besides, HCOBr is likely to
those of brominated organic intermediates (green lines) obtainegyydrolyze rapidly on aerosols to give HBr (see S&c2.3.
on Day 20 in parameter sweep experimer{ts: Run 7a,(b) Run Thus, in our model runs, &1, exerts no more than a
7b, (c) Run 7c, andd) Run 7d. The results obtained in Run 7d marginal influence on bromine activation. AskG mixing
are presented as a function of simulated,N®ixing ratio (daily LT . . .
average on Day 20) rather than Meux. ratio fixed in each run is raised from 35 pry\qiol (Run 1a)
to 200 pmofmol (Run 1h) to represent an air mass under a
relatively strong continental influence (ekpppmann et aJ.
yield the NG, mixing ratios of about 10-20 pmahol (see 1992, the calculated total mixing ratio of inorganic gaseous
Table 4), which represent the pristine environment remote bromine species gets lower only by 1% (see TableEven
from the continents Gregory et al. 1996 Heikes et al.  where the reactive uptake coefficient of HCOBr hydrolysis
1996. Run 7d is a parameter sweep experiment in whichon aerosols is reduced from 0.1 tx 804, the impact of
the mixing ratios of HCHO, CECHO, GHgy, and GHg are CoH3 is still very small; in this case, the calculated total mix-
fixed at 300, 90, 30, and 15 pmohol, respectively, while ing ratio of inorganic gaseous bromine species gets lower by
changing the free tropospheric N@ux between 5108 2%, as GH> mixing ratio is raised from 35 pmginol (Run
1x 109 molecule cmi?s~1. The simulated NQmixing ra-  1g) to 200 pmolmol (Run 1i).

Atmos. Chem. Phys., 4, 1961987, 2004 www.atmos-chem-phys.org/acp/4/1961/



K. Toyota et al.: Photochemistry of VOCs and halogens in the MBL 1981

5.6 PAA as atrigger of autocatalytic halogen release fromTable 8. Production rates of reactive halogen species via reactions

sea-salt aerosols triggering the autocatalytic halogen release from sea-salt aerosols as
simulated in Run 1& Values averaged over the nighttime (00:00—
PAA is formed primarily via OH-initiated CECHO oxida- ~ 06:00, 18:00-24:00 local sun time) and over the daytime (06:00-
tion in the gas phase (Reactior®)~(55)). This compound  18:00 local suntime) on Day 20 are presented.
is potentially important for triggering the autocatalytic halo-

gen release from sea-salt aerosols, since it is capable of oxi- Reaction(s) Product ~Nighttime  Daytime
dizing Br~ (and probably Ct as well) in the aqueous phase Br— +HSQg HOBr 14x10-3 15x10-2
(Fortnum et al.1960. To our knowledge, no reported data ClI- + HSOE b HOCI 30x10-3 6.7x10-2
exist as to the concentrations of PAA in the MBL. How- Bry +Bry Br, 54x107% 3.8x10°2
ever, its production and loss kinetics in the gas- and aqueous- cly +Cly Cl 29%10-5 3.0x10-3
phases have been characterized relatively well by experimen- g~ 03 HOBr 14x10-3 1.1x10-3
tal studies (see Se@.4) and, besides, the concentration of  g,— , paa® HOBr 41x10-% 3.7x10°4
its precursor, CHICHO, can be constrained by recent obser- - 4+ paa® HOCI 76x10-% 76x10-4
vational data $ingh et al. 2001, Wisthaler et al.2002). In Br— + HNO, HOBr 97x10~7 1.6x10-5
our model runs the calculated mixing ratio of PAA varies  c|- + HNO, © HOCI 22x10°% 4.3x10°3
between 27 to 157 pmgiol, depending on the mixing ra- CHBr3 degradatior Br 56x10-6 7.7x10°3

tios of CHBCHO and NQ (see Tablet). Then the aqueous-
phase reactions of PAA considered in the present work (Renotes:

action 57-59) take place so slowly that the aqueous-phase® Unit: pmol(Br)/mol/hour or pmol(Cl)/mol/hour;

concentrations of PAA in aerosols are virtually in Henry’s ? Integrated over aerosol size bins except for the largest-size bin,

law equilibrium with its gas-phase concentrations. which remains alkaline over the whole simulation time;

Table 8 presents the production rates of reactive halo enc The formation of Br atoms via CHRgrphotolysis, OH- and Cl-
P P 9 attacks on CHBg, and CBpO photolysis is accounted for, whereas

species via reactions of potential importance for triggeringthe formation of HBr via CHBg photolysis is not.
the autocatalytic halogen release in Run l1a (base run), in

which the simulated mixing ratio of PAA on Day 20 is close

to its initial mixing ratio, i.e. 80 pmgimol. Although the  §ring the nighttime can exert some marginal influence on
analysis is made on Day 20, the relative importance of eache 5utocatalytic cycle if initiated shortly after sunrise.

trigger reaction (except for the importance of Einvolving We believe that PAA mixing ratios are quite reasonably

reactions relative to that of Clinvolving counterparts) dur- simulated in the present model runs, but the measurements

ing the first 6 model hours does not differ significantly from of PAA in the MBL are needed to better assess its impact
that during the nighttime of Day 20. It should also be noted '

that, although over 90% of HOCI formed in sea salt is con- -
sumed to oxidize S(1V), 5-10% of HOCI reacts with™Bto '

give reactive bromine species. As demonstrated in Secs.2-5.4, the oceanic emissions of
As in the cases of earlier model studieSader and CH3CHO and alkenes will significantly impede the autocat-
Crutzen 1996 Vogt et al, 1996, the reaction Br + HSQy alytic halogen release from sea salt in the remote MBL. The
and the self-reaction of Brare primarily important for trig-  simulated mixing ratios of reactive bromine species can thus
gering the autocatalytic cycle. They are the consequencediffer by a factor of two or more with or without the oceanic
of radical chain reactions initiated by the uptake of eitheremissions of these compounds (see Tadad Fig.3). For
OH (during the daytime) or NgXduring the nighttime) from  instance, FigsBa—b show diurnal variations in the simulated
the gas phase. Photolysis of N@ilso results in the forma- concentrations of BrO radicals and Cl atoms on Day 20 for
tion of OH radicals and augments the OH concentrations inRRuns la-b and 2. In Run la, which is our base run with
sea-salt aerosolygn Glasow et a).20023. The next im-  the mixing ratios of CHCHO and alkenes typical of the re-
portant process as a trigger of autocatalytic halogen releasmote MBL, the simulated BrO mixing ratio is generally be-
is CHBr3 degradation in the gas phase, which subsequentlyfow 1 pmol/mol, rising to 1.3 pmalmol shortly after sun-
gives HOBr and BrON@via Reactions&)—(10) (Tang and  rise. Where the oceanic emissions of alkenes are switched
McConnell 1996. The oxidation of halide ions by PAA oc- off (Run 2), BrO mixing ratio is calculated to be somewhat
curs at the rates even slower than that of Bixidation by  higher, ranging<1-34 pmol/mol during the daytime. Run
Og, reaching no more than a few percent of the rates of thelb yields a result with the most activated bromine chemistry
radical-initiated processes during the daytime. The relativeamong the model runs conducted in the present work, by ne-
importance of reactions involving PAA becomes greater dur-glecting the oceanic G CHO emission (see Tab#; in this
ing the nighttime, although it is still on the order of 10% of run, BrO mixing ratio is generally between 1-2 prabl
the total. It follows that the oxidation of halide ions by PAA during the daytime, peaking at 5.3 prwiol shortly after

Implications for chemistry of DMS, NQand G
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6 I 5:0+DMS [ Cl +DMS NO, + DMS
_5 @ g OH + DMS (H-abstraction) OH + DMS (OH-addition)
24 | ~
< 3] I\ F Run la
€ 21 ‘ F
o 11 c‘ L Run1b
0 ] :
0 6 12 18 24 Run 2
local sun time 0 10 20 30 40 50 60 70
4 pmol/mol/day
1x10 (b)
g 8x10° | r Fig. 9. DMS oxidation pathways on Day 20 for Runs la—b and 2.
D 6x10° ~ 3
§4 103 ;‘/’ \\\
x107 1 I N F . .
S 3] | — i chemistry and decreased production at loweryN©Oncen-
£ 2x10 N trations Gander et a].1999 Toyota et al. 2001), the net
0 0 6 1‘2 1‘8 24 chemical loss rate of Qincreases from .@1 nmo}mol/day
local sun time to 1.09 nmo}mol/day. This difference in the net production

rate will expand to 1.14-1.52 nmywhol (5.7-7.6% of the ab-
Fig. 8. Diurnal variations in BrO mixing ratioga) and Cl-atom  solute amount, i.e. 20 nmphol) in Oz mixing ratio, taking
concentrationgb) on Day 20 for Runs 1a (blue lines), 1b (green timescales for the exchange of air mass in the MBL with that
lines), and 2 (red lines). in the free troposphere to be 3—4 daygdrs and Galbally

1995. In Runs 1b and 2 the impacts of halogen chemistry are

of course larger: reactions with BrO radicals and Cl atoms
sunrise. These levels of BrO are not detected with adefonstitute 57% (Run 1b) and 43% (Run 2) of the overall pho-
quate confidence by currently available measurement techiochemical loss of DMS (see Fig); NOx mixing ratios are
niques, except for short duration in the early morning whenlower by 54% (Run 1b) and 41% (Run 2) compared with that
BrO mixing ratio well exceeds 2 pmahol, but most likely N Run 1j; and the net chemical loss of &a_ches as high as
within the range of variations taking place in the remote 1.79 nmoymol/day and 146 nmoymol/day in Runs 1b and
MBL (see Sectl). The simulated concentrations of Cl atoms 2. 'espectively (see Tab#.
also change according to the degree of bromine activation, These results suggest that §EHO and alkenes of
ranging between £8-10* molecule'cm® during the daytime. ~ 0ceanic origin should be carefully treated in the models of
These numbers do not contradict those inferred from the obl€active halogen chemistry involving sea-salt aerosols. From
served concentrations of hydrocarbons and/or halocarbon&€ results presented in Secds2-5.4, we would expect that

and their correlations in the remote MBR(dolph et al. ~ naturally occurring variabilities in the oceanic emissions of
1996 1997 Singh et al, 1996ab; Wingenter et al. 1996 CH3CHO and alkenes lead to changes in the amount of re-
1999. active halogen species to be higher or lower than that in Run

la by a factor of about two. Taken together, reactive halo-
gen chemistry is likely to mediate a link between the oceanic
emissions of VOCs and the behaviors of compounds that are
sensitive to halogen chemistry such as DMS ,N&hd 3 in

the MBL.

Quite interestingly, the impacts of halogen (especially
bromine) chemistry on the budgets of DMS, N@nd G
are still evident in Run la (see Tallle Compared with Run
1j, which is a sensitivity run for Run 1a with halogen chem-
istry being switched off, the simulated mixing ratio of DMS
is lower by 20%, reflecting the additional photochemical loss
via reactions with BrO radicals and Cl atoms that constitutess Conclusions
24% of the total loss (see also Fig). Here the reactions
of DMS with Br atoms and CIO radicals are not accountedIn the present work, the reaction scheme of the multi-
for in our reaction scheme, since the former reaction doephase photochemical box model SEAMAC (size-SEgregated
not result in H-abstraction from DMS at atmospheric tem- Aerosol model for Marine Air Chemistry) was updated to
peratureslifgham et al. 1999 Nakano et a].2001) and the  achieve a near-explicit description of oxidative degradation
rate constant of the latter reaction is approximately 30 timesof up to G-hydrocarbons (Ckl CoHg, C3Hs, CoHa, CsHe,
smaller than that of the reaction BrO + DMB4rnes et aJ.  and GHpy) initiated by reactions with OH radicals, Cl- and
1991). The mixing ratio of NQ is also lower by 22% in  Br-atoms, and @ Based on the new reaction scheme it
Run la compared with that in Run 1j, owing to the enhancedwas shown numerically that GEHO and alkenes (espe-
loss of NG via Reaction 10) followed by aerosol uptake. cially C3Hg) of oceanic origin strongly impede the auto-
Then, by the combined effects of enhanced loss via bromineatalytic halogen release from sea salt in the remote MBL.
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