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Abstract. The reaction of the hydroxyl radical with chlo- which is mainly produced by bursting bubbles at the ocean
ride on the surface of sea salt aerosol producing gas phassirface (e.gWoodcock et al.1953, can also influence the
Cly and particulate OH and its implications for the chem- chemical and microphysical properties of other aerosol par-
istry of the marine boundary layer under coastal, remote, andicles by taking up and releasing chemically reactive com-
very remote conditions have been investigated with a numerpounds including sulfur and halogen compounds.

ical model. This reaction had been suggested by Laskin et The natural marine cycle of sulfur is dominated by the
al. (2003) to play a major role in the sulfur cycle in the ma- emissions of dimethyl sulfide (DMS) (see eGharlson et aJ.

rine boundary layer by increasing the sulfate production in1987, which is produced by organisms in the oceans and
sea salt by @ oxidation due to the additional production of subsequently emitted to the atmosphere where it is oxidized
alkalinity in the particle. Based on literature data a new “bestin the gas phase by OH, NQOCI, and BrO and in the aque-
estimate” for the rate coefficient of the reaction was deducedus phase by @ Sulfuric acid (HSQ) is the only gas phase
and applied, showing that the additional initial sulfate pro- product of DMS that can form new aerosol particles whereas
duction by this reaction is less than 1%, therefore having onlyall other products only add to the mass of pre-existing aerosol
a minor impact on sulfate production. Even though the gas(see e.gHoppel 1987 and discussion irvon Glasow and
phase concentration of £increased strongly in the model, Crutzen 2004. Additionally, the presence of sulfate in par-
the concentration of Cl radicals increased by less than 5% foticles often increases the hygroscopicity of many aerosol par-
the “best guess” case. Additional feedbacks between the cyticles (e.g Seinfeld and Pandid998.

cles of chlorine and sulfur in the marine boundary layer are A key factor in determining the importance of sulfur par-
discussed as well as a two-stage acidification of large freshicles on microphysical processes and climate feedbacks as
sea salt aerosol. suggested for example iyharlson et al(1987) is the frac-

tion of DMS-products that form new aerosol particles or lead
to the growth of existing particles, potentially increasing their
ability to form droplets. Sea salt particles are very soluble
and, due to their relatively large size, have short lifetimes of
1-2 days. Therefore the uptake of DMS-derived sulfur prod-
ucts by sea salt particles can be viewed as a short-cut in the
marine sulfur cycle because of the rapid deposition of these
compounds back to the ocean (e:gn Glasow and Crutzen

1 Introduction

Aerosol particles play a key role in the climate system of the
Earth because they can scatter radiation directly and influ
ence the properties of cloud particles and therefore exert a
indirect forcing on climate. Furthermore, they influence the X -
hydrological cycle by changing cloud properties. Over clean2004. Furthermore the change in hygroscopicity due to up-
oceans cloud condensation nuclei (CCN) are mainly sea saf@ke of sulfate is small for sea salt.

and sulfate particles. The origin of sulfate particles in the SOz is a product of the oxidation of DMS. The fate of
marine boundary layer (MBL) is transport from continents SC2 depends on the abundance of the gas phase oxidant
and formation of new particles from sulfur-containing pre- OH and the uptake to and oxidation in particles. The reac-

cursors. Apart from their own role as CCN, sea salt aerosol,tion rate coefficient for the aqueous phase oxidation of S(1V)
(=SQpaq+ HSG; + SO?‘) by Os increases by about 6 orders

Correspondence tdR. von Glasow of magnitude between pH 2 and 6 making it only important
(roland.von.glasow@iup.uni-heidelberg.de) for pH values greater than 6 (e $einfeld and Pandi4998.
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3572 R. von Glasow: OH + Clsurface reaction

The pH of freshly emitted sea salt aerosol is close to thatuptake limitations for OH had been ignored bagskin et al.

of sea water of about 8.2 (e.Riley and Skirrow 1965. (2003. In their replyLaskin et al.(2009) stressed that the
Due to the presence of HGOIn sea water and therefore proposed mechanism will not keep sea salt particles alkaline
also in sea salt aerosol, the particle pH is buffered (see e.gunder all conditions but that it rather modulates the rate of
Chameides and Stelsph992, meaning that the uptake of titration of the alkalinity. They also mention the possibility
acids changes the pH only after this buffer has been depleteaf formation of OH at the particle surface from the photol-
Until the particle is acidified, the reaction ofI8) + Oz aq ysis of NGy . Alexander et al(2009 analyzed the isotopic

is very efficient and constitutes a strong source for S(VI) signature of sulfate in the Indian Ocean which can be used to
(FH2SOy aq+ HSO, + Soff) (e.g.Penkett et a).1979 Hoff- deduce the oxidation pathways. A comparison of their data
mann 1986 Sievering et al.1991). The production of non  with global model runs showed that including the alkalinity
sea salt sulfate (nss-%@ in this reaction and the uptake of formation mechanism bizaskin et al.(2003 leads to large
other acids (HN@, HCI) lead to a decrease in the pH and inconsistencies between model and field data, implying that
the oxidation rate of S(IV) which is then dominated by®3 Reaction L) plays only a minor role for the sulfur budget in
(e.g. Penkett et a).1979 and the hypohalous acids HOBr the Indian Ocean MBL.

and HOCI {ogt et al, 1996. A detailed comparison of the In general, Reactionl] can only be of importance in re-

fjifferent oxidation pathways in sea salt aerosol can be foumbions where the gas phase acidity is high enough to eventu-
in von Glasow et al(2002) andvon Glasow and Crutzen gy acidify the particles. In regions where this is not the case,
(2094)' . L i.e. where particles do not get more acidic tharniHthe ox-
'Dlrect aqd mdwept determinations pf the .pH of super- idation of S(IV) by G will always dominate, so that an ad-
micron particles which are usually dominated in the MBL by iiona source of alkalinity will have no effect. The focus of
sea salt aerosol showed the following results: Hawaii, cleéanys yqy is the temporal evolution of the sea salt aerosol pH

conditions 4.5-5.4Rszenny et al2004, Atlantic (50°'N~- 4 e aple to identify regions/conditions where Reactitn (
17 S) 3.5-4.25Keene et a|.2009, Bermuda, (moderately 4 have an effect by yielding “excess” nss3S@ue to the

polluted): 3.5-4.6 Keene and Savojel99§ 1999 Kegne production of additional alkalinity in the particles. In order
et al, 2002, East Coast of U.S., (moderately to heavily pol- ;, accomplish this, the change of the pH in fresh sea salt

luted): 2.7_359 Keenel_et al.2009. As these are 1;|Iter m_e?- particles of different sizes that evolve in the presence of sul-
surements, the sampling cannot separate single particles 9. 5nq aged sea salt particles is calculated with a numerical
that these numbers average over particles of different age anﬁ‘ox model under conditions typical for coastal regions, the
therefore different depletion of the bicarbonate buffer and, .\ te MBL and the very remote Southern Ocean. Further-

chemical aging. . more, effects on the sulfur cycle and the release pt&the
Recently it has been speculatedliaskin et al (2003 that atmosphere are quantified.

the reaction of gas phase OH with chloride on the surface of ] . ] )
sea salt particles can lead to a significant delay in the acidifi- " Sect.2 the numerical model is described, whereas in

cation of sea salt particles by the production of alkalinity via S€ct.3 the effects on sea salt particle pH and the oxidation
the net reaction: of sulfur and in Sect4 the effects on gas phase chlorine are

discussed.
OHg+ClI" — 0.5Clp g+ OH™ 1)

This net reaction had been suggestedKinypping et al.
(2000 based on variety of laboratory experiments, molecular
dynamics, and kinetic modeling with the simplified system
of pure NaCl particles. The enrichment of halides on the
surface has further been investigated in molecular dynamics
simulations by e.gJungwirth and Tobiag2001, 2002 and For this study the model MISTRAvfén Glasow et aJ.
in the laboratory by e.gGhosal et al(200Q 2005 andLiu 2002ab; von Glasow and Crutzer2004 was used which
et al. (2004. The focus of these papers was the release ofs a model of the MBL. Microphysical processes are treated
Cly to the gas phaselLaskin et al.(2003 could show the in detail and a major focus is on the interaction of gas phase
presence of elevated OHconcentrations on the surface of and particulate phase (sea salt and sulfate aerosol) chemistry.
NaCl particles that had reacted with OH. Photolysis frequencies are calculated online with the model

The idea ol_askin et al (2003 of the importance of Reac- of Landgraf and Crutze(i1999. The chemical mechanism
tion (1) for the atmospheric sulfur cycle has been challengedcontains the most important reactions of O, H, C, N, S, Cl,
by Keene and Pszenr(2004) based on their measurements and Br both in the gas and particulate phase. MISTRA is a
of (bulk) aerosol pH and that acidity sources other than SO one-dimensional model, in this study, however, it was run in
were neglected biaskin et al.(2003. Sander et al(2004 the box-model mode. It was initialized with data from the
criticized the atmospheric conditions thaskin et al(2003 lowest level of 1-D runs that were used for a numerical spin-
had chosen for their extrapolation and expecially the fact thaup of the system.

2 Model description and setup

Atmos. Chem. Phys., 6, 3573581, 2006 www.atmos-chem-phys.net/6/3571/2006/
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2.1 “Mono-disperse” sea salt aerosol bin tion coefficientx, and the gas phase diffusion coefficiént.

D, is approximated a®,=x1v/3 (e.g. Gombosj 1994 p.
The standard approach in the model is to consider one bin 25) using the mean free path length The effects of gas
for the chemistry of sulfate particles and a second bin for seghase diffusion are more important for larger particles, there-
salt particles. Especially in the case of sea salt this impliegore it has to be taken into account in the discussion of sea
averaging over not only a range of particle sizes but espesalt aerosol which span the size range from about 100 nm
cially particle ages. The pH — and therefore the chemistry —to several 1&um. The error in the reactive uptake rate co-
of sea salt particles is, as already mentioned, a strong funcefficient when gas phase diffusion limitations are ignored is
tion of time. As one focus of this paper is to investigate the only about 30% for r=0.Lm anda=0.24 (110% fora=1),
influence of Reactionl) on the pH, a way had to be found to whereas it is already a factor of 2.6 (7.7) for r=Qu® and a
explicitly take the particle age into account. To achieve this,factor of 14.6 (57.1) for r=L.m.
a third chemical bin for fresh sea salt of a “discrete” radius A mathematical expression for a surface reaction can

was introduced which additionally allows to investigate the pe found by replacing the accommodation coefficierin
effect of particle size. This bin evolves in the presence ofgq. (2) with the reaction probability. This ensures that
aged sulfate and sea salt particles and can, for example, algpnitations by gas phase diffusion and the specifics of the re-
be acidified by HCI that had been released from older se&pective reaction are taken into accounty Ifs taken from
salt partiCleS via acid diSpIacement. The choice of the num-—y |ab0rat0ry experiment one has to ensure that gas phase dif-
ber and widthAr of this bin is important to ensure a realistic fysjon limitations are not implicitly included twice as a net
simulation. One cannot simply assume a particle density ofeaction probability might already include this effect.

1 part. cnv3 for this size bin as this would drastically overes- Knipping and Dabduk2002) re-evaluated the results from
timate the total mass of sea salt for large radii and thereforgne laboratory study dknipping et al.(2000 that was done
change the chemistry completely. In principler should  with mono-disperse particles with radii of about 75 nm, indi-
be approaching zero in order to model particles of a dis-cating that gas phase diffusion limitations were small. They

crete size, but technically the number of particlesfor~0  syggested the following expression for the reaction probabil-
equals zero for any given size distribution (esginfeld and ity for the net Reaction):

Pandis 1998. Here, the width of the radius bin was chosen

asAr=0.1r. Tests with 2\r showed hardly any impacts on

the results whereas the choice af3resulted in noticeable ), = 0.02)/[CI~]=0.04[CI], )
changes in the gas phase indicating that too much additional

mass was present in this additional size bin. Therefore, usingvhere the concentration of chloride ions is given in mal|
Ar=0.1r ensures that the overall chemistry in the model is According toKnipping and Dabdut§2002 the value of the
unchanged by the presence of this addition additional aeros@arameter/’ is chosen as 2. For typical chloride concen-
bin. The contribution of the “mono-disperse” sea salt aerosokrations in sea salt particles of about 6 mdlIthe result-

bin to the total sea salt mass is a few tenths of a percent fojng y=0.24. The extrapolation ofaskin et al.(2003 as-

all runs except for those with=1m where it is about 4- sumedy=1, also without taking gas phase diffusion limita-
6%. In the following, this third aerosol size bin is referred tions into account. Using a reaction probabilityye£1 with-

to as the “mono-disperse” sea salt aerosol bin. The numbegut any restrictions assumes that every collision between an
of particles in this bin was taken from the size distribution OH molecule and the particle surface leads to a reaction with
of the lowest layer of a 1-D run of MISTRA (z=5m). The CI~ independent of the Cl concentration. Assuming that
chemistry and physics of this bin are treated in exactly theexpression %) gives the correct reaction probability if gas

same way as in the other bins. phase diffusion is unimportant, we can replaca Eq. )
) ) with y according to Eq.3) to calculate the reaction rate in-
2.2 Implementation of the surface reaction cluding gas phase diffusion. Use of EG) @lso implies that

- o . only a fraction of the total Cl is available for the surface
The rate coefficient of Reactiot)(is critical for this study. It reaction as expressed by the factor 0.04,

depends on the transport of OH to the particle’s surface and As Reaction ) is a surface reaction, the concentration of

the reaction probability of OH with Cl at the surface. The )
. . the aqueous phase reactants that have to be used strictly are
usual expression for the mass transfer coeffictgfidr non- . ; . .

. . those at the surface which might differ from those in the bulk
reactive uptake of gas molecules to the surface of a particle . L s o
is (Schwartz 1986 of the particles. For Ci this is not critical as the change in its

4 ' bulk concentration due to the surface reaction is small and,
2 4r \ L by using expressiors] for the calculation ofy, the surface
=+ . (2)  enrichment of Ct is taken into account. Note that the sur-
3D,  3va . . . R
face enrichment in Cl is caused by the polarizability of the
with the particle radiusr, the mean molecular speed ions @ungwirth and Tobig®2002. According to the molec-

v=+/8RT/(Mm) (M is the molar mass), the accommoda- ular dynamics calculations adfungwirth and Tobia$2002

k[:
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action probability of unity. The following cases are explored

Table 1. Initial mixing ratios of gas phase species (in nmol mbl in this paper:

OH concentration in molec cfi?).
— case 1: no surface reaction

species coastal remote MBL  Southern Ocean

— case 2:;y=0.02y'[CI~]=0.04[CI~], with gas phase dif-
Os 43.0 180 120 fusion limitation. This is considered to be the “best
OH 7.5x 100 3.4x10° 3.7x10° eSS’ case
NOy 0.145 0.004 0.0016 9 ’
HNO3 0.11 0.0011 0.0001 — case 3:y=0.02y'[CI~]=0.04[CI"], no gas phase dif-
PAN 0.08 0.001 0.01 fusion limitation; same as ikKnipping and Dabdub
NH3 0.11 0.1 0.1 (2002
H,05 0.9 0.235 0.14 :
SQ; 0.1 0.085 0.07 — case 4:y=1, with gas phase diffusion limitation, all
H2S0y 0.0008 0.0003 0.0002 particulate Ct is available for surface reaction.
DMS 0.08 0.11 0.12
CHy 1700.0 1700.0 1670.0 — case 5:y=1, no gas phase diffusion limitation, all par-
Cco 190.0 68.0 44.0 ticulate CI is available for surface reaction; same as in
CaHe 14 0.5 0.23 Laskin et al.(2003.
HCHO 0.36 0.12 0.13
HCI 0.34 0.025 0.01 The following chemical scenarios for the background at-

mosphere in which the fresh sea salt particles evolve are
used, the concentrations and mixing ratios of the main
species are listed in Table

it is maintained against aqueous phase diffusion. The pro-

duction of OH~ in Reaction {) occurs only in the layer that — Coastal: 'I_'his scenario is based on various data from the
is directly accessible to OH molecules from the gas phase ~ PEM-tropics campaigns (e.gregory et al. 1997) to
which will not be more than a fengstrom. The timescales simulate semi-polluted air over the ocean, as is the case
for aqueous phase diffusion (complete mixing of a particle) for example in coastal regions. The concentration of sea
is given by (e.gSchwartz 1986): salt aerosol is 13g m~3, air temperature is €.
2 — Remote MBL: With this scenario typical remote MBL
r e - B
T = —2p. (4) conditions are simulated, the concentration of sea salt
a

aerosol is 13gm~3, air temperature is 2€. It is

so it is about 104 s for a particle with-=1 xm. The surface based on various measurements, gee Glasow and

reaction occurs on time scales a lot shorter than this but it ~ C"Utzen(2004.

is constrained to a very shallow layer. Diffusion out of this  _ gguthern Ocean: This scenario is meant to simulate

layer is very fast so that it is not expected that a gradientin  the pristine regions of the MBL and is based on mea-

pH develops outside this surface region. surements from the Cape Grim Baseline Statidye(s
The measurements baskin et al (2003 andGaspar et al. et al, 1995 1997ab, 1999 Monks et al, 1998 2000).

(2004 are indicative of an enrichment in the surface density The concentration of sea salt aerosol i@m3, air

of OH™ in NaCl crystals after exposure to OH. Unfortu- temperature is I'C.

nately, the authors were not able to get detailed depth pro-

file information of the samples and therefore no information  All runs were made for relative humidities of 75%, there-
about the depth of this surface layer is available. Furtherfore all particles are aqueous because they are produced as
more, they could only analyze the reacted particles after resea water droplets and the crystallization humidity is about
crystallization which might have impacted the depth profile 45%. Furthermore, the runs are for summer conditions in or-
by expulsion of ions to the surface that do not fit into the der to maximize [OH] and therefore the potential importance

NaCl lattice. of Reaction 1). Model start is at local noon, all runs are
integrated for 6 h. For the 1-D model runs from which the
2.3 Overview of model runs information for the initialization of the runs presented here

was taken, a spin-up of one day was used. As Reactios (
Throughout this paper the term “case” is used for the dif-dependent on photolysis to produce OH, no night time eval-
ferent assumptions about the surface reaction and the termation of this reaction is necessary. The focus of this study
“scenario” for the different initial and boundary conditions. is the early evolution of fresh sea salt particles and in all pre-
The different cases are set up to explore the importance ofented runs the fresh sea salt particles get acidified within 6 h
uptake limitations and the use of expressi8nversus a re-  so that this duration of the model runs is sufficiently long.

Atmos. Chem. Phys., 6, 3573581, 2006 www.atmos-chem-phys.net/6/3571/2006/
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Fig. 1. Temporal evolution of the concentrations of Faind S(VI) as well as the pH and liquid water content for scenario “coastal” in the
“mono-disperse” particle bin for r=im. Case 1 — black, solid line, case 2 — red, dashed line, case 3 — blue, dotted line, case 4 — blue, solid
line, case 5 — green, dash-dotted line. Note, that most lines except for case 5 overlap. The abscissa is time since model start in minutes.
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Fig. 2. Same as Figl but for scenario “remote MBL” in the “mono-disperse” particle bin for yzh.

If the available gas phase acidity is not enough to depletdfication due to alkalinity production by the surface reaction
the bicarbonate buffer, the oxidation ofl'8) by ozone will is refered to as “additional buffering time” and can also be
always dominate, so there is no need to study the effect ofound in Table2. The amount of additional S(VI) that is pro-
additionally produced alkalinity via surface reactions underduced before the particles get acidified is shown for each case
these conditions. in Table3. Only for particles with radii greater thanym
the “additional buffering time” is of noticable magnitude, it
is strongest in case 5.
3 Effects on sea salt pH and the sulfur cycle Figure 1 shows the evolution with time of [S(VI)], pH,
[HT], and the liquid water content in the “mono-disperse”
As already mentioned, the additional alkalinity produced in S€@ salt aerosol bin for a radius of rzn. The very short
the surface reaction of OH with Clcan extend the time additional buffering time is too small to be discernable on
during which rapid production of S(VI) via the reaction that plot. The amount of sulfate being produced during the
S(IV) + Oz is important. Therefore, the timing of the acidi- acidification is almost the same, the proton concentration is

fication of the “mono-disperse” sea salt aerosol bin is criticalOnly in case 5 different from case 1. Figitehows the same
for this process. for the remote MBL scenario, again the additional buffering

In the following the term “buffering time” is used for the {iMe is too small to be observed in any case, the difference in
time it takes to acidify the particles (see TaB)ehere taken  [Nitial S(VI) production is only about 4% in case 5 and less
to be the time when the pH remains almost constant, i.ethan 1% or smaller in all other cases.
when the HCQ buffer is being depleted. The delay in acid-

www.atmos-chem-phys.net/6/3571/2006/ Atmos. Chem. Phys., 6, 35812006



3576 R. von Glasow: OH + Clsurface reaction

Table 2. Buffering time in the “mono-disperse” sea salt aerosol bin Table 3. Relative increase of the production of nss-S(VI) during the
for case 1 for all scenarios and additional buffering time (BT) for particle acidification in the “mono-disperse” sea salt particle bin for
cases 2—4 compared to case 1 (in minutes). cases 2-5 compared to the run without the surface reaction (case 1).
Note, that the amount of nss-S(VI) in 50n aerosol particles is
only 10% of that in particles with radii of 0.6 and un.

radius coastal remote Southern
MBL Ocean radius coastal remote Southern
0.1um case 1: buffering time 3 3 4 MBL Ocean
case 2: additional BT <1 <1 <1 0.1um case 2 0% 0.7% 1.0%
case 3: additional BT <1 <1 <1 case 3 0% 0.8% 1.5%
case 4: additional BT <1 <1 <1 case 4 0% 1.9% 3.2%
case 5: additional BT <1 <1 <1 case 5 0% 6.5% 9.0%
0.6um case 1: buffering time 4 10 12 0.6um case 2 0.1% 0.2% 0.3%
case 2: additional BT <1 <1 <1 case 3 0.5% 0.9% 1.3%
case 3: additional BT <1 <1 <1 case 4 0.2% 0.3% 0.5%
case 4: additional BT <1 <1 <1 case 5 3% 4.0% 6.0%
case 5: additional BT <1 <1 2 1.0um case?2 0.1% 0.2% 0.3%
1.0um case 1: buffering time 6 17 23 case 3 0.1% 1.1% 2.0%
case 2: additional BT <1 <1 <1 case 4 0.2% 0.3% 0.4%
case 3: additional BT <1 <1 1 case 5 3% 4.5% 6.0%
case 4: additional BT <1 <1 <1 5.0um case 2 0.8% 0.1% 0%
case 5: additional BT <1 1 2 case 3 1.8% 2.2% 2.0%
5.0um case 1: buffering time 65 210 245 case 4 0.2% 0.1% 0%
case 2: additional BT <1 <1 <1 case 5 9.0% 11% 9.0%
case 3: additional BT 1 5 6
case 4: additional BT <1 <1 <1
case 5: additional BT 5 18 21

creased, yielding about 1.2, 0.2, and 2.8 pmolmhahore
SO, in case 5 in the scenarios, “coastal”, “remote MBL”,

As the small changes are hard to read from Figand and “Southern Ocean”, respectively. Furthermore, HOCI is
2, the difference of nss—Sfp produced during the acidifi- increased in both the gas and aqueous phase, leading to an in-
cation compared to the case without the surface reaction i§rease in the agueous phase production of nss-®Preac-
also shown in Tabl&. It is obvious that the amount of this tion of HOCI with S(IV). Under some conditions, a decrease
“additional initial nss-S@~ production” is very small. In  Of the particle pH below the pH in case 1 (as explained be-
case 2, the “best guess”, this amount is never more than 199W) causes the release of more bromine from the particles
compared to the case without the surface reaction. Only ir@nd the associated feedbacks with the sulfur cycle (see e.g.
case 5 up to 11% additional nss-50s predicted; please re- von Glasow and Crutze2004.
member that this case is ignoring gas-phase diffusion limita- Figures2 and 3 also show that the proton concentration
tions and assumes that all particulate @ available for the  can increase above (and the pH decrease below) that of
surface reaction with a reaction probability of unity, there- case 1, again most pronounced in case 5. The decrease of
fore clearly overestimating the effect of the surface reactionthe pH in the “mono-disperse” sea salt aerosol bin below the
In summary, this shows, that the suggestiorLaskin et al.  value from the case without surface reaction never happens in
(2003 for the relevance of Reactiod)(for the sulfur cycle  the “coastal” scenarios, but in the “remote MBL" and “South-
in the MBL is clearly overestimating its importance. ern Ocean” scenarios it happens in all cases. This effect is

A surprising feature is, that in the cases including the sur-caused by feedbacks from the gas phase: the gas phase prod-
face reaction the S(VI) concentration at the end of the modelict of the surface reaction is £lvhich photolyzes rapidly to
run is greater than in case 1 (see Fijand2). The in-  two chlorine radicals. Under non-polluted conditions most
crease is in general small but for case 5 it amounts to abou€l radicals react with Chlyielding the acid HCI, as do most
20%. Nevertheless, this effect is relatively small in abso-other reactions of the Cl radical. As the surface reaction is
lute terms (case 5: 2.9 pmol mdi, expressed as pseudo-gas occurring not only on the “mono-disperse” sea salt aerosol
phase mixing ratio) because very little particle mass is assobut also on aged sea salt particles, most of the-Gind the
ciated with the “mono-disperse” sea salt bin. The increasaesulting HCI - that stems from the surface reaction comes
is caused by feedbacks between the cycles of halogens arfdom older, acidified particles. Therefore, the alkalinity pro-
sulfur. Due to the increase of reactive chlorine in the gasduced in Reactionl) can be exceeded by the uptake of the
phase (see Seat), the gas phase reaction DM§S Cl is in- indirect product of the surface reaction, HCI, that had been
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Fig. 3. Same as Fig.1) but for scenario “remote MBL” in the “mono-disperse” particle bin for yz%.

released from older particles. The net production of alkalin-
ity can therefore be expressed by the number of the Cl radi-
cals produced from Glthat stems from the surface reaction
that do not react (e.g. with Cfjito yield the acid HCl in the
gas phase.

In coastal regions the fraction of Cl radicals that do not
yield HCI upon reaction — for example with simple alkenes
and some biogenic hydrocarbor&r(layson-Pitts and Pitts
2000 — is higher than in other marine regions. For the dis-
cussion of sea salt acidification, this is, however, only of
limited importance, as in these regions usually enough gas
phase acidity from anthropogenic sources (e.gx NOSO
emissions) is available. Exceptions might be regions where ~ ~'° i o o B
strong alkaline dust plumes are mixed with air masses con- time (min)
taining high loadings of e.g. alkenes or biogenic VOCs. In
the coastal scenarios presented here, the gas phase acidityFiig. 4. Temporal evolution of the concentrations of Kblack, solid
always high enough to rapidly acidify the sea salt particles. line), HCQ; (blue, dotted line), S(IV) (red, dashed line), S(VI)

In all model runs with “mono-disperse” sea salt aerosol of (9reen, dash-dotted line), and §Qblue, thick solid line) in run
r=5um the particles get acidified in two steps (see FBys. “remc_)te MBL”, case 1, r=um. The abscissa is time since model
and4), which is mainly caused by the large mass of the in- Start In minutes.
dividual particle. Initially, the S(IV)-oxidation and Hpro-
duction rates are about constant until the HClauffer is de- )
pleted to about 1C° of its initial concentration (in Figs ~ 9uced from S@aq, two protons are released. Due to their
after about 170 min.). Then the pH starts to change rapidly SMaller mass, the absolute amount of HCI@ smaller par-
the first step in the acidification — which is drastically slow- ticles is a lot less, so that the decrease of [{G®f 103
ing down both the S(IV)-oxidation and*Hproduction rates.  to 10~° of its initial value occurs so rapidly that no stepwise
Even though the reaction rate of S(IV) withy@ reduced, it ~ acidification can be observed.
is still fast enough to dominate the acidification until finally ~ As already mentioned in the introductiohaskin et al.
[HCO3] has been reduced to about F0of its initial value (2004 suggested, based Galvador et al(2003, that a pos-
(in Fig. 4 after about 207 min), at which point [HCQ and sible surface enrichment of NOmight provide an in situ
[HT] remain constant. Now, the particle is roughly in equi- source for OH formation through photolysis thereby circum-
librium with the gas phase and no further drastic changes irventing gas phase diffusion limitations during uptake for OH.
the pH occur. Under the conditions of the scenarios described’he aqueous phase photolysis of Nfroduces not only OH
in this paper, the acidification of the particle is dominated by but also OH which would neutralize the proton that was re-
sulfate production, the uptake of HN@lays only a minor  leased during dissociation of HNO This implies that the
role. Note, that for each molecule of %’Q which is the  surface reaction of OH with Clwould be a net source of
dominant S(VI)-species under these conditions, being proalkalinity. The concentration of NDin ocean water is only

logyg(concentration) (mol 17")
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Fig. 5. Temporal evolution of the most important gas phase compounds for scenario ‘remote MBL". Case 1 — black, solid line, case 2 —red,
dashed line, case 3 — blue, dotted line, case 4 — blue, solid line, case 5 — green, dash-dotted line. Note, that most lines exeept @ir Cl
overlap. The abscissa is time since model start in minutes.

about 10%moll~1, too small to play any role in airborne most relevant and reactive inorganic chlorine species; for the
sea salt aerosol, therefore the HiNBas to come from the “best-guess” case 1 the increase is below 5%. The Cl concen-
gas phase. Then, however, it is also being subjected to gasation is on the order of Tamolec cn 2 for all cases includ-
phase diffusion limitations during uptake. In this case, thising the one without the surface reaction, which is consistent
effectis notimportant as the photolysis of §i@ rather slow  with most, but not all determinations of chlorine atom con-
(Jx4x10~7s™1), about a factor of 1/1500 slower than uptake centrations in the MBL (e.gwingenter et al.1996 1999
(calculated for r=Jum). Therefore even a possible increase Singh et al. 1996, that are all indirect. The reason for this
in the quantum yield of NQ due to a reduced “cage-effect’ seeming mismatch in the behavior ob@nd Cl is that in the
at the surface would not make this reaction fast enough tanodel Cb is only a minor source for Cl atoms, photolysis of
be of importance in the early stages of aerosol acidification BrCl and HOCI and in the coastal scenarios also the reaction
Note, that a more recent study showed that contrary to th&f HCl with OH are more important. Therefore it can be con-
earlier expectations, NDdoes not segregate to the surface cluded that the impact of Reactiof) (on the chlorine budget
but remains in the bulkang et al, 2006. in the MBL is indeed present but limited. Note, that most ad-
ditional chlorine in the model stems from the release of the

) aged sea salt particles and not the “mono-disperse” fresh sea
4 Effects on the chlorine cycle salt aerosol.

So far, mainly the aqueous phase products and consequences

of Reaction {) have been discussed. The gas phase product

as measured binipping et al.(2000 is Cl, which rapidly 5 Conclusions

photolyzes to two Cl atoms. Remember that Reactin (

occurs during daytime only. The main interest in gas phaseThe surface reaction of OH with chloride on sea salt aerosol

chlorine in the MBL is for the acidity budget (HCI), the pro- was studied with a numerical box model focusing on the

duction of HOCI for the aqueous phase oxidation of S(IV), time evolution of freshly emitted sea salt particles. Several

and the oxidation of Cki some higher organics and DMS by assumptions for the rate coefficients under different atmo-

the chlorine atom. spheric conditions were investigated. A discussion of the ki-
In the model the increase in gas phase Bllarge, be- netic limitations of this reaction showed that a unity reaction

tween several ten percent and a factor of 260 in the scenarigsrobability as previously assumed hgskin et al.(2003 is

discussed here (see Tableand Fig.5) but the mixing ra-  too high as it ignores gas phase diffusion and a dependency

tio remains in all cases below 1 pmolmaél This increase, on the chloride concentration and neglects a previous assess-

however, is not reflected in a corresponding increase in thenent of the rate coefficiernipping and Dabdul{2002.

Cl atom concentration which, as already mentioned, is theThe photolysis of N@ as an in situ source for OH molecules
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Table 4. Maximum relative difference in gas phase @hd Cl as compared to the respective run without the surface reaction (case 1).

radius coastal remote MBL Southern Ocean
ACly ACI  ACl» AClI  ACI» ACI
0.lum case?2 26% 1.3% 38 1.6% 8.5¢ 3.4%
case 3 2.2 7.0% 14x 7.0% 3% 15.5%
case 4 3.6 14.0% 24 13.0% 2% 7.0%
case b 1¥ 65.0% 11 62.0% 205 70.0%
0.6um case 2 37% 1.2% 50 1.4% 10.4& 4.2%
case 3 X 7.0% 22 7.7% 48< 19.0%
case 4 55 14.0% 36« 12.8% 35¢ 7.5%
caseb 23.5% 70.0% 18% 65.0% 2606« 85.0%
1.0um case2 37% 1.2% 47 1.4% 10« 4.0%
case 3 X 7.0% 23 7.8% 48< 18.5%
case 4 55% 14.0% 36 13.0% 34 7.4%
case 5 23.5% 70.0% 18% 65.0% 2606« 85.0%
5.0um case?2 35% 1.1% 47 1.3% 9.4 3.7%
case 3 2.8% 8.0% 21x 7.2% 45¢ 17.0%
case 4 5% 15.0% 36« 12.8% 34 7.0%
case b 2% 70.0% 18 65.0% 245 78.0%

in the particles could be shown to be unimportant for the de- One motivation behind the study haskin et al.(2003
lay in acidification. was to resolve an apparent mismatch in,@d nss-S(VI)

Laskin et al (2003 suggested that Reactioh) (night play =~ between models and measurements which they tried to ex-
a major role in the sulfur cycle in the MBL by delaying plain with the surface reaction of OH with Cl In the con-
the acidification (i.e. increasing the buffering time) of seatext of this study, uncertainties in the oxidation mechanism
salt aerosol and therefore allowing the very fast oxidation ofof DMS as e.g. highlighted biucas and Prini§2002 2005
S(IV) by Oz to continue. This study showed that in model andvon Glasow and Crutze(2004 or other halogen reac-
runs with realistic rate coefficients for the surface reaction,tions like the oxidation of DMS by BrOTpoumi, 1994 or the
the additional alkalinity was not sufficient to significantly in- aqueous phase oxidation of S(IV) by hypohalous acidg{(
crease the initial production of S(VI) in fresh sea salt parti- et al, 1996 are more likely to explain this mismatch (see
cles. also discussion iron Glasow et a).2002h von Glasow and

Some unexpected features and feedbacks could also be ofSrutzen 2004).
served in the model like a step-wise acidification of larger sea
salt particles. Furthermore, the total amount of nss-S(VI) in-Acknowledgementd.want to thank P. Crutzen, B. Finlayson-Pitts,
creased esp. for (unrealistically) high reaction rates for theB. Keene, E. Knipping, S. Pechtl, M. Roesedo\R. Sander, and
surface reaction. High reaction rates of the surface reactiod: Thomas for helpful discussions and comments on the manuscript.
increase gas phase chlorine. Chlorine, in turn, oxidizes DMSTh'S work was funded by thfe Deutsche Forschungsgemeinschaft
and therefore increases the available amount of sulfur in théPFG): Emmy-Noether Junior Research Group MarHal, GL

53-1/1,2.
MBL.

Outside of polluted r(_ag_ions, whgre usually significant_Eolited by: Y. Balkanski
amounts of gas phase acidity are available anyways, the main
product of chlorine reactions in the gas phase is HCI. This
reduces the net effect of Reactidk) pn acidity and its main
effect is a redistribution of acidity from aged to fresh sea saltreferences
particles.

In general, an increase in halogen compounds increaseslexander, B., Park, R. J., Jacob, D. J., Li, Q. B., Yantosca, R. M.,
the cycling of sulfur in the MBL. If nss-S(VI) is formed in Savarino, J., Lee, C. C. W,, and Thiemens, M. H.: Sulfate for-
sea salt aerosol this will speed up the removal of sulfur to mation in sea-salt aerosols: Constraints from oxygen isotopes,
the ocean as the lifetime of sea salt aerosol is generally lower J- Geophys. Res., 110, D10307, doi:10.1029/2004JD005 659,
than that of sulfate aerosol (see exgn Glasow and Crutzen :

2004 Alexander et a].2005. Ayers, G. P., Bartley, S. T., lvey, J. P., and Forgan, B. W.: Dimethyl-

sulfide in marine air at Cape Grim, 48, J. Geophys. Res., 100,
21013-21021, 1995.
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