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Abstract. The speciation of iodine in atmospheric aerosol garding gas phase reaction kinetics (e.g. Joseph et al., 2005;
is currently poorly understood. Models predict negligible io- Tucceri et al., 2006; Dillon et al., 2006; Plane et al., 2006),
dide concentrations but accumulation of iodate in aerosolas well as regarding our understanding of iodine reaction cy-
both of which is not confirmed by recent measurements. Wecles in the ambient air (e.g. Saiz-Lopez and Plane, 2004; Pe-
present an updated aqueous phase iodine chemistry schertezs et al., 2005; Saiz-Lopez et al., 2006a,b) and related new
for use in atmospheric chemistry models and discuss senparticle production (e.g. Saunders and Plane, 2005; O’'Dowd
sitivity studies with the marine boundary layer model MIS- and Hoffmann, 2005; Saiz-Lopez et al., 2006a; Pechtl et al.,
TRA. These studies show that iodate can be reduced in acidi2006). However, several aspects of atmospheric iodine
aerosol by inorganic reactions, i.e., iodate does not necessachemistry are still quite poorly understood, one of which
ily accumulate in particles. Furthermore, the transformationis the speciation of iodine in atmospheric aerosol. As the
of particulate iodide to volatile iodine species likely has beenaerosol phase is closely connected to the gas phase through
overestimated in previous model studies due to negligenceiptake and release of iodine species, the understanding of
of collision-induced upper limits for the reaction rates. How- reaction cycles within aerosols is relevant for the overall pic-
ever, inorganic reaction cycles still do not seem to be suf-ture of atmospheric iodine chemistry.

ficient to reproduce the observed range of iodide — iodate cyrrent models of atmospheric chemistiyogt et al.,
speciation in atmospheric aerosol. Therefore, we also investggg: McFiggans et al., 2000) predict that the aerosol io-
tigate the effects of the recently suggested reaction of HOlyide (I-) concentration is negligible (due to transformation
with dissolved organic matter to produce iodide. If this reac-jntg species that are released back to the gas phase) while io-
tion is fast enough to compete with the inorganic mechanismgate (10} ) is believed to be inert and therefore accumulate in

it would not only directly lead to enhanced iodide concen- particles. In contrast, several observational data provide evi-
trations but, indirectly via speed-up of the inorganic iodate gence for a non-negligible iodide content in aerosol samples
reduction cycles, also to a decrease in iodate concentration%amer and Heumann, 1993; Wimschneider and Heumann,
Hence, according to our model studies, organic iodine chem1995: Baker, 2004, 2005). Baker (2004, 2005) determined
istry, combined with inorganic reaction cycles, is able to re- the speciation of soluble iodine (iodide, iodate, organic io-
produce observations. The presented chemistry cycles argine) during two extended ship cruises in the Atlantic Ocean
highly dependent on pH and thus offer an explanation for theand found highly variable /105 ratios. His measurements
large observed variability of the iodide — iodate speciation incjearly show that the concentrations of iodide and iodate in
atmospheric aerosol. aerosol are often of similar magnitude, that there are samples
that do not contain iodate (but iodide), and that iodate is pre-
dominantly present in large aerosel1um diameter). All
these findings are not reproduced by current models. In this
paper, we present an updated version of the aqueous phase

Atmospheric iodine chemistry has received increasing attenchemistry scheme for use in atmospheric chemistry models.

tion in recent years and large progress has been made Ve suggest that iodate may be reduced via inorganic cycles,
and the transformation of linto volatile iodine species may

Correspondenceto: S. Pechtl have been overestimated, both especially for acidic aerosol.
(susanne.pechtl@iup.uni-heidelberg.de) Based on the idea of Baker (2005) we furthermore investigate

1 Introduction
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Table 1. Aqueous phase iodine reactions. Differences to the mechanism used by Vogt et al. (1999) and von Glasow et al. (2002a) are
highlighted in bold. HO is not written in the reactions.

No.  Reaction upper limit ko [(M1)s™1] Reference

=

11+ HOMI=+HT—I, 3 yes 4.4x1012 Eigen and Kustin (1962)
11— I—>HOI+ ~+Ht 1 yes 3.0 Eigen and Kustin (1962}
12+  HOMCI~+H*—ICl 3 yes 2.9x1010 Wang et al. (1989)

12— ICI—>HOI+CI~+H* 1 yes 2.4x10° Wang et al. (1989)

13+  HOI+Br +HT—IBr 3 yes 4.1x10'2 Faria et al. (1993)

13- IBr—>HOI+HT+Br~ 1 yes 8.0x10° Faria et al. (1993)

14 HOCI+I~ +HT —ICI 3 yes 3.5x 101 Nagy et al. (1988)

15 HOBr+I~+H+ —IBr 3 yes 1.2x10'3 Troy and Margerum (199%)
16 I0+I0—>HOI+HIO » 2 1.5¢10° Buxton et al. (1986)

17 I’+03H—+>HOI 2 4.2¢10° Magi et al. (1997)

18 | =+ICl—12+CI~ 2 1.1x10° Margerum et al. (1986)
19+ | =+IBr — I +Br— 2 2.0x10° Faria et al. (1993)

19— 12+Br=— 1~ +IBr 2 4.74x10° Faria et al. (1993)

110 HOI+Ch—>HIO »+2 ClI~+2Ht 2 1.0x108 Lengyel et al. (1996)

11 HOMSO3 —s|~+HSO, 2 5.0¢10° assumed analogously to HOBr+S&-
112 HOI+HSO.°T*>|—+HSOZ+H+ 2 5.0x10° assumed analogously to 1 11
113 HOIKHOCH—HIO p+CI~+H+ 2 5.0x10° Citri and Epstein (1988)
114 HOI+HOBr—HIO »+Br—+H* 2 1.0x10° Chinake and Simoyi (1996)
115+ HOI+HOI —>HIO p+ ~+H+ 2 yes 2.5x10 Schmitz (2004)

115-  HIO o+~ +HT—>2HOI 3 yes 2.0x1010 Edblom et al. (1987)

116 HIO p+Hp0,—>105 +H+ 2 6.0x 10" Furrow (1987)

117 HIO 2+HOCI—>IO§+CI’+2HJr 2 1.5x103 Lengyel et al. (1996)

118 HIO+HOBr— 105 +Br +2Ht 2 1.0x10° Chinake and Simoyi (1996)
119+ HIO p+HOI— 105 +1~+2H* 2 2.4x107 Furrow (1987)

119- 105+~ +2 Ht —HIO 2+HOI 4 1.2x10° Schmitz (2000)

120+ HIOp+l-Ht— 10 +2I7+2HT 1 5.5x107° inferred from 11, 119, 120—
120-  103+217+2HY —HIO p+I-H* 5 4.2¢108 Schmitz (2000)

121 I2+HSQy — 217 +HSO, +2 Ht 2 1.7x10° Yiin and Margerum (1990)
122 HOl+DOM —»|~+H+*+DOM 2 10° to 107 estimated, see text; only used in ORG
No. Equilibrium reaction m n Ko [M"=™] Reference

EQl  ICKHCI<«—ICl; 2 1 7.7%10! Wang et al. (1989)

EQ2  IBr+Br «—IBr, 2 1 2.9 102 Troy etal. (1991)

EQ3 ICHBr «—ICIBr— 2 1 1.8¢10* von Glasow et al. (2002a)
EQ4  IBr+CI-«—ICIBr— 2 1 1.3 von Glasow et al. (2002a)

m, n give the order of the reactiog is the reaction rate constant for 298 Kg is the equilibrium constant for 298 K.

* Special rate law for reactions controlled by diffusion as explained in the text.

@ Although the back Reaction (11-) is almost negligible compared to (11+) for conditions of our simulations, we include it for completeness.

b Troy and Margerum (1991) do only provide a 2nd order reaction rate law that does not depend on the pH. However, in analogy to other
HOX+Y ™~ reactions we assume a pH-dependence of this reaction: We estimate the 3rd order reaction rate constants from the ratio of the
2nd order reaction rate constants of HOBr+adand HOCI+I~ (Troy and Margerum, 1991) and multiply this by the 3rd order reaction rate
constant of Reaction (14).

the effect of a possible reaction of HOI with dissolved or- et al., 2006). The model comprises detailed aerosol micro-
ganic matter (DOM) to produce iodide. In the next section, physics and comprehensive chemistry both for the gas phase
a detailed model description is provided. Results are preand the aqueous (aerosol) phase, which includes H-O-S-C-
sented and discussed in Sect. 3, while conclusions are drawiR-CI-Br-I cycles, as well as exchange processes between the
in Sect. 4. gas and the aqueous phase. The lowest 100 vertical model

levels have an equidistant height of 10 m, the layers above

1000 m are spaced logarithmically. A thorough model de-
2 Model description scription can be found in von Glasow et al. (2002a,b).

For our studies we used the one-dimensional marine bound- Concerning iodine chemistry, the model comprises the
ary layer model MISTRA, which has already been used forstate-of-the-art gas phase reaction set of Pechtl et al. (2006),
studies on gas phase iodine chemistry and new particle prowith updates of the reaction rate constants of the reactions
duction from iodine oxides (von Glasow et al., 2002a; PechtlOIO+NO—10+NO, and OIO+OH—HIO3 according to

Atmos. Chem. Phys., 7, 1381-1393, 2007 www.atmos-chem-phys.net/7/1381/2007/



S. Pechtl et al.: Modelling iodide — iodate speciation in atmospheric aerosol 1383

Plane et al. (2006). Formation of new particles from io- sensible regarding the current state of knowledge, where no

dine oxides (via OlO and.Dy) is also accounted for, using information is available about possible differences in reac-

the parameterization developed by Pechtl et al. (2006) basetion rates involving either the dissociated or the undissoci-

on laboratory and model data by Burkholder et al. (2004).ated compound.

Freshly formed iodine particles are assumed to consist of Furthermore, we introduced upper limits for the Reac-

non-volatile forms of iodine that do not participate in ague- tions (11-15) (Table 1) towards low pH values, based on

ous phase chemistry cycles. the fact that two species can never react with a rate larger
The most detailed iodine scheme for the aqueous phast#han their encounter frequency. For example, for a pH of

presently used in models of atmospheric chemistry was se? (i.e. [H]=0.01 M) the rate of Reaction (I1) is.4x 10™°

up by Vogt et al. (1999) and since then has been adopte¢HOI] [I 7] (after Eigen and Kustin's rate law, Table 1), but

nearly unchanged for further studies (von Glasow et al.,the encounter frequency between HOI andd only about

2002a; Pechtl et al., 2006). The scheme accounts for the “re5x 10° M~1 s~ which is an approximate value for diffusion-

cycling” of reactive iodine by the aqueous phase reactiongcontrolled rate constants.

of HOI with halide ions and the reactions of with HOX The mechanism and rate laws of reaction 11 at different

(X=Cl, Br, 1), which are especially fast in acidic aerosol. acidities are discussed in details in Schmitz (2004). In acidic

These “recycling” reactions lead to transformation of lessor slightly acidic solutions, the rate law can be written:

reactive iodine species (HOI) to reactive iodine species

(IX) that are re-emitted to the gas phase. The importancek+[HOX][Y_][H+]_k— [XY]

of this recycling process is supported by McFiggans et al. 14 a[HT]

(2000) who found that observed gas-phase IO can only b

reproduced by modelling if iodine recycling through aerosol k, and k., are related to the equilibrium constang,Kby

Is accounted for. _ _ , _ ky/k_ = K., anda is such that k/a = kg is the rate con-
However, as already mentioned in the introduction, thegiant of 4 diffusion-controlled reaction. At low H, the rate
scheme predicts negligible concentrations'oblit accumu- |4 of the forward reaction converges to the accepted 3rd or-
lation of 10; in particles, both of which is not supported by er rate Jaw while at high [H] it converges to the highest
an increasing number of obseryatmns (Baker, 200_4, 200_5possible value kg [HOX] [Y ~]. For the theory of diffusion-
as the most recent ones). Motivated by these obvious diSggnirglled reactions we refer the reader to general text books
crepancies, we found (after a thorough review of literature) ot chemical kinetics, e.g. Espenson (1995). We have used the
that iodate might be reduced by pH-dependent reactions thafy me formulation for the reactions in Table 1 noted "upper
are part of the complex system of the Dushman reactionint. yes” and also for not listed reactions that do not involve
(Dushmar_n 1904). The coJrrnpllcated kinetics of this reaction;yjine species (X, Y = Br, Cl). The experimental values of
(net reaction: 1@ +5I"+6H" — 31+3H;0) has been sub- .. are ysually unknown and we have used the accepted ap-

ject of many studies for over a century (see e.g. Schmitzyoyimate value for this kind of reactions involving at least
1999, 2000, for the present state of the art). Evidently,;,q uncharged species in wategfike 5x10°M~1s 1.
this reaction involves several individual steps and does not In addition to the equilibrium reactions EQ1~EQ4 intro-

follow a simple rate law. For example, the order of the duced by von Glasow et al. (2002a), we included the re-
Dushman reaction depends on theebncentration (Schmitz, action of I~ with ICI and IBr (I8, 19), which tend to ox-
. H —7 ’ ]

2000): For I” concentrations below abouk30™" M, there- e jodide to molecular iodine. Furthermore, we add
action rate depends linearly on [l for I~ concentrations the reactions of HOI with ng and HSQ (111, 112)
a'lbove about 10° M the dependence is quadra}Uc: Reac- although they have not been measured yet: HOI is usu-
tions (119-) and (I20_—) (Table 1) account_for this finding: ally a more powerful t donor than 4, i.e., Reaction (I12)
The rate of 120- (which depends quadratically onJiibe- g4 pe faster than Reaction (121). Also, the reaction
comes larger than that of 119- (which depends linearly ONate constant of HOBr+S§) (5.0x10°M~1s1, Troy and

— — 76 . 1
[171) for [I_ 1>3x10 M. Margerum, 1991), is larger than the reaction rate constant

Regarding the formation of HIgby HOI+HOX (113-115,  of HOCI+S(§_ (7.6x108M~1s71 Fogelman et al., 1989),
Table 1) for X=I the backward reaction is, under conditions suggesting that HOI+S§3 should even be faster. From
encountered in atmospheric aerosol, much faster than the fog, 56 information (and knowing that the 2nd order rate con-
ward reaction. This leads to a net reduction .of HIOHOL  gtant cannot be larger than the diffusion-controlled limit) we

We only included 1Q and HIG; and not their correspond-  agssume rate constants oD% 10° for Reactions (111) and
ing acid or base (HI@or I0;). Due to their pKa values (112). Beside the reduction of iodate by iodide, we have also
of 0.8 for HIO3/105 (Strong and Pethybridge, 1987) and 6 considered its reduction by sulfite. Gaspar and Showalter
for HIO./IO; (our estimate), 1@ and HIQ; are the most  (1987) have adopted the simple rate law IO HSG;) = k
common forms for most pH values that are relevant for at-[lO5][HSO;] with k = 0.25 M~1s~1. Edblom et al. (1987)
mospheric aerosol. Including the equilibria would not be and Luo and Epstein (1989a) have used the same rate law

eI'he rate constants in the forward and backward directions,

www.atmos-chem-phys.net/7/1381/2007/ Atmos. Chem. Phys., 7, 1381-1393, 2007
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Table 2. Description of the model runs. For the sensitivity studies, the difference to BASE is described.

Model run  Description

BASE base run including the full aqueous phase iodine chemistry scheme
OLD without upper limits for 11-15; without Reactions 18, 19, 111, 112, 115, 119, 120
NOUP without uptake of HI@from the gas phase
ORG including the reduction of HOI to'1 by reaction with DOM 122
/ The meteorology in the model was set up to represent mid-
HIO

latitude summer conditions (48l with a solar declination

of 2(°, i.e., end of July). The initial conditions are chosen
such that no clouds form and the boundary layer height is
about 700 m, where moisture and heat fluxes form the sur-
face are adjusted to yield a constant boundary layer height.
The near-surface temperature is abot,6he humidity in-
creases from about 65% near the surface to about 90% near
the boundary layer top.

H,0,
HOCI HOBr

After a 2-day spin up of the meteorology, model runs in-

@)
‘ H D) cluding the full chemistry scheme are run for 5 days. We
Giod concentrate on a clean marine environment, prescribing ini-
Cod @% tial concentrations as in Pechtl et al. (2006). Regarding
60 the iodine source, we assume a “background” open ocean
aerosol

source of organohalogens (€IHCH2Cll, CHzl») prescrib-
ing surface fluxes after Vogt et al. (1999) andalter Gar-
land and Curtis (1981). The resulting maximum near-surface
mixing ratios are about 2 pmol not (CHsl), 1 pmol mol1
®/935 phase (CH.CII, CHzl) and 0.07 pmol mai? (1), where the max-
ima are reached shortly before sunrise. Gas phase 10 and
IO mixing ratios are both about 0.1 pmol mélduring

Fig. 1. Scheme of aqueous phase iodine chemistry as implemente avtime and approximatelv zero during niahttime. Please
in MISTRA. For reactions with + and- directions, only the dom- Yy PP y g nig ’

inant direction is indicated for the conditions of our model simu- "Ot€ that the concentrations of reactive iodi.ne species inlour
lations where possible. Additional reactions compared to the VogtT0del are far below the values measured in coastal regions
et al. (1999) scheme are highlighted in red. (Alicke et al., 1999; Allan et al., 2001; Saiz-Lopez and Plane,
2004; Peters et al., 2005; Saiz-Lopez et al., 2006b), as we are

with k = 0.30 M~1s~1. This value was corrected later to k = trying to reproduce clean open ocean conditions.

151 i i . . . .
0.42 M~s™* (Luo and Epstein, 1989b). With these values, \ye assume a typical marine background aerosol size dis-
the reduction of iodate by sulfite has no significant conse+yjpution (Hoppel and Frick, 1990) and distinguish between
quence on our results, even for the almost neutral aerosols_su”aten aerosol (dry aerosol radius0.5um; initial com-

The use of the more complice_lted rate law adopted by Rab%osition 99.6% (NH)2SOu, 0.4% NH;NO3) and “seasalt’
and Beck (1988) and by Rabai et al. (1995) would not chang&erosol (dry radius 0.5.m; initial composition like sea wa-
this conclusion. As the rate of this reaction is uncertain bUtter, initial pH like surface ocean water). The production of
negligible, we have notincluded itin the final reaction mech- saasalt aerosol via bursting bubbles at the sea surface is com-
anism. puted using the parameterization of Monahan et al. (1986).
In Table 1, all reactions of our aqueous phase iodine chemAs the relative humidity remains above the crystallisation
istry scheme are summarized, where the modifications witthumidity of both seasalt and sulfate particles all aerosol par-
respect to the Vogt et al. (1999) scheme are highlighted irticles are deliquesced in the model runs at all times. The
bold. A schematic of our agueous phase iodine mechanisndifferent model runs that are compared in the present study
is shown in Fig. 1. The complete chemical mechanism (ex-are listed in Table 2. Except for the base case described
cept for the modifications presented here) can be found aabove (BASE) we perform a model run utilizing the “old”
electronic supplement to Pechtl et al. (2006). liquid phase iodine scheme that resembles the scheme used

Atmos. Chem. Phys., 7, 1381-1393, 2007 www.atmos-chem-phys.net/7/1381/2007/
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Time (days) Time (days) Time (days)

N

~

o
5
)

sulfate aerosol: HOI 7, 28 %1075 ] seasalt aerosol: HOI

x1075 4

N
~

2.0 x107°

x107° 4

Y

x107° 4

o

x1076 4

3
S}

x1078 4

Concentration (pmol m™3)
IS
o

oncentration (pmol m

c

0.0 x10°
0.5 1.5 2.5 3.5 4.5 0.5 1.5 25 3.5 4.5
Time (days) Time (days)

sulfate aerosol: 103~ o seasalt aerosol: 103~ seasalt aerosol: EF(1057)

s
N4

Concentration (pmol m~3)
N
~
Concentration (pmol m~3)
Enrichment factor (I1037)
X
\

15 25 35 45 o 15 25 35 45 o5 2.5 5
Time (days) Time (days) Time (days)

Fig. 2. 5-days timeseries of several agueous phase iodine species and iodine enrichment factors (EF) in 15m altitude for BASE (black,
solid), OLD (red, dashed) and NOUP (blue, dotted). Simulations start at midnight. Concentrations are given in‘ﬁuim)nNighttime
periods are grey-shaded.

by Vogt et al. (1999), von Glasow et al. (2002a), Pechtl et al.sulfate aerosol and>8.0~3 pmol mi~3 for the seasalt aerosol
(2006) (OLD). We also compare with a run where the uptake(Fig. 2, red lines), which is both significantly below the val-
of HIO3 (which forms via OIO+OH) from the gas phase is ues measured by Baker (2005) (note that all concentrations
prohibited (NOUP). Finally, in ORG we assume iodide pro- are given in pmol m3(air), i.e., in pseudo-gas phase concen-
duction by the reaction of HOI with DOM as suggested by trations). The smaller1 concentrations of the sulfate com-
Baker (2005) and elucidate the impact ondnd IG; con- pared to the seasalt aerosol are due to the lower pH values
centrations. In this case, we assume that organic matter isf the first, leading to a faster consumption of iodide via the
emitted from the ocean as part of the seasalt aerosol duringH-dependent Reactions (11-15).
bubble bursting. For the “sulfate” aerosol, we prescribe an |y contrast to iodide, iodate, which has no chemical sink
initial organic fraction of 10%. Further information on the i, OLD, is accumulated in the model and reaches after
respective model sensitivity studies is provided later. 5 days values up to about 200 pmot#ror the sulfate and
85 pmol n1 3 for the seasalt aerosols. The comparison with
NOUP (blue lines in Fig. 2) shows that the main source of
aerosol Iq is uptake of HIQ from the gas phase. Hence,
3.1 Effects of the new chemistry scheme in the modgl iodate accumulates faster in the small sulfate
aerosols with a larger surface-to-volume ratio compared to
During two extended ship cruises in the Atlantic Oceanthe ;easalt particles. The model simulation OLD exceeds the
Baker (2004, 2005) detected both iodide and iodate in mosfn@ximum measured IDvalues by a factor of 4 and does
aerosol samples in strongly varying concentrations. Max-nOt offer an explan_atlon for near-zero |OQate concentrations
imum values were about 10 pmohi{air) for 1= and about which were sometimes encounter_ed during the ship cruises
50 pmol nT3(air) for 105 . In addition, Baker (2005) inferred ~ (especially in the fine aerosol fraction).
from the difference between total soluble iodine and iodide Including the “new” chemistry in the model (BASE, black
+ iodate that organic iodine species constitute with up tolines in Fig. 2) improves the agreement between model
about 40 pmol m3(air) a significant fraction of particulate and measurement, especially for the acidic sulfate aerosol
iodine. In the OLD model configuration, maximum near- (pH around 0.5): The introduced upper limits of the reac-
surface iodide concentrations arg 20-% pmol m2 for the tion rates for Reactions (11-15) increase the modelled |

3 Results and discussion

www.atmos-chem-phys.net/7/1381/2007/ Atmos. Chem. Phys., 7, 1381-1393, 2007
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2.0 x1078

seasall aerosol: I

P S S SR
2.0 x10-7 4 sulfate aerosol: 1™

1 1.6 x107° 4
1.6 x1077

;] 1.2 x107° 4
1.2 x1077 4

T -7
8.0 x1078 - 8.0 x10

Concentration (M)
Concentration (M)

4.0 x1078 4 4.0 x1077

0.0 x10° 4 0.0 x10° : - —
0.5 1.5 2.5 35 45 0.5 1.5 2.5 35 45

Time (days) Time (days)

sulfate aerosol: 103~ seasalt aerosol: 103~

e

Concentration (M)
|
\
Concentration (M)

15

0.5 1.5 2.5 3.5

Time (days) Time (days)

Fig. 3. As Fig. 2, but concentrations are given in motlagueous solution.

concentrations by about two orders of magnitude. The io-shown): There, these iodate reduction reactions cause an in-
dide taken up from the gas phase is oxidised more slowlycrease in aqueous phase HOI andléading (for HOI via
through these reactions which increases the rate of the Dush1-13) to enhanced release ¢f IBr and ICl to the gas phase.
man reaction. The IQ concentrations are almost stabilized During daytime, these species photolyse, producing | rad-
around 80 pmol m3, mainly due to Reaction (I19) (and a  icals and slightly increasing nearly all iodine species in the
smaller contribution of 126)) which both lead to a reduction gas phase. Among these is also BMhich is taken up again
of 105. For BASE, the reaction rate of (119 is of simi- by particles and increases the concentration of IBere.
lar magnitude as the uptake of gas phase #l@ading to ~ While for the sulfate aerosol, the enhanced uptake from the
the mentioned stabilization of iodate concentrations in thegas-phase is over-compensated by iodate reduction-(119
sulfate aerosol. In this context, please note that the formal20-), it leads to a net increase in iodate concentrations in
tion of HIOs in the gas phase (by reaction of OIO with OH) case of the seasalt aerosol.
and its subsequent uptake is itself highly uncertain, affecting The importance of the coupling between gas- and aque-
of course the accumulation behavior of;lGn the aerosol.  ous phase is also evident from the distinct diurnal cycle of
The point is, however, that Reaction (K constitutes an iodide with pronounced minima during night: In the absence
efficient sink for iodate and therefore is able to prevent itsof sunlight, photolytic processes (esp. in the gas phase) do
accumulation in acidic aerosol. not occur while recycling processes in the aerosol, which do
For the modelled seasalt aerosol (with a pH around 6not depend on sunlight, continue. Consequently, production
within the lowest 50 m), the reaction rates for Reactions (11-0f gas phase iodine compounds that can be taken up by the
I5) are always below the upper limits determined by the en-aerosol (esp. Hl and HI§) stops while the liberation of IX
counter frequency, which hence do not increasedncen-  (X=lI, Br, Cl) to the gas phase continues, leading to respective
trations compared to OLD. The increase in\isible from  minimain the aqueous phase.
Fig. 2 is due to Reactions (111) and especially (112) which The iodine enrichment factor (which is defined as the
convert HOl into I. I=/Nat ratio in aerosol divided by that in seawater) is cal-
In seasalt aerosol, Reactions (HPand (120-) are neg-  culated only for the seasalt aerosol since the sulfate aerosol
ligibly slow due to the low H concentration (note the does notcontain Na For I, the enrichment factor is (even
quadratic dependence of the reaction rates of{jl@nd  including the new chemistry) mostk1, i.e., the model pre-
(120—) on [H*]), and thus do not lead to a reduction ofJO dicts depletion of particulate iodide compared to seawater,
The rates of Reactions (119+) and (120+) are slightly largerwhile it predicts enrichment of iodate up to a factor of 600.
than those of (119) and (120-), but are too small to visi-  This value is well within the range given by Baker (2005) for
bly increase iodate compared to OLD. The increase ifi |10 total iodine enrichment, but the speciation between iodide
visible from Fig. 2 is rather an indirect consequence of Re-and iodate is still not captured by the model.

actions (119-), (120—) occurring in the sulfate aerosol (not  Figure 3 shows iodide and iodate concentrations in mbl |
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Fig. 4. Vertical profile of agueous phase iodide and iodate at noon of model day 3 for BASE (black, solid), OLD (red, dashed) and NOUP
(blue, dotted).

aqueous solution (M) in addition to the pseudo-gas phase&entrations for the iodine species (“gddi”). For pH-values
concentration mol m3(air) given in Fig. 2. This additional smaller than plquil (that is, pH-pHequii<0), the direction
information may facilitate comparison with future measure- of the reaction is such that it consumes H.e., leads to a
ments. reduction of IQ . For Reaction (119), this is the case only

The modelled vertical gradients of iodide and iodate (againabove roughly 100 m (middle panel of Fig. 5), while for Re-
in pseudo-gas phase concentrations) are quite weak in thaction (120), it is the case already very close to the ground
lowest couple of hundred meters, as shown exemplarily for{lower panel of Fig. 5). As a consequence, for the seasalt
noon of the third model day (Fig. 4). That is, the results dis-aerosol of the BASE case (where the reaction rate of 119
cussed for the surface-near layers do mostly hold for highefs greater than that of 120) IDis produced below and de-
altitudes as well. An exception is the pronounced verti- stroyed above about 100 m altitude.
cal gradient of seasalt’lin the BASE case in the lowest For BASE, this finding is mostly of theoretical interest,
100 m that is caused by the increasing importance of Reacsince for the seasalt aerosol (119) is much slower than the
tions (111) and (112) with decreasing altitude (due to a stronguptake of HIQ from the gas phase (see above). How-
gradient in HSQ and S(é‘ mixing ratios). Near the sur- ever, BASE is still associated with some deficiencies and un-
face, I mixing ratios reach up to about 0.1 pmol mél The  certainties: First, the modelled Iconcentration in seasalt
slightly lower seasalt™ mixing ratios above about 250 m aerosol is still about two orders of magnitude smaller than
in BASE compared to OLD results from iodide reduction by observed for both the coarse and the fine aerosol mode
(18) and (19). From measurements, no information about ver-(Baker, 2005). Second, the uptake from the gas phase is
tical gradients in aerosol iodide and iodate is available yetquantitatively very uncertain (see above). For highecon-
but would be certainly desirable for a thorough comparison. centrations and smaller uptake, JQeduction via (119-)

As becomes immediately clear from Table 1, the aerosoland (120-) (which depends on {i]) would increase while
pH is a crucial quantity not only for the recycling Reac- 103 accumulation via uptake would decrease. Thus, the
tions (11-15) but also for the reduction of H}Jl15—) and  importance of Reactions (119) and (120) for the iodate bal-
103 (119—, 120—). While (11-13) and (115) have a preferred ance could be significantly enhanced even in almost neutral
direction for the whole range of pH values (I1-I3 in “+’- aerosol.
direction, 115 in “—"-direction), this is not the case for (119)  The results of the BASE case can almost identically be
and (120). Figure 5 shows, for the seasalt aerosol (BASE)reproduced with a reduced chemical mechanism that in-
both the actual pH values and its difference to the pH atcludes only Reactions (11+), (12) to (15), (17), (18), (19+),
which (119) and (120) are in equilibrium under the given con- (111), (112), (115-), (116) and (I119-). For the acidic sulfate
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tions might significantly change under different ambient or
chemical conditions or modified gas—liquid phase exchange.

In sum, the new reaction set of BASE compared to OLD
leads to an improvement both in iodine and iodate in case
of the acidic sulfate aerosol, but does only slightly affect the
almost neutral seasalt aerosol (except for iodide in the low-
est 100 m altitude). We have presented an inorganic chem-
ical mechanism that offers the possibility to reduce iodate
in acidic media and to restrict transformation of iodide into
volatile iodine species. However, iodide concentrations are
still one to three orders of magnitude lower than observa-
‘ tions. It appears that pure inorganic chemistry is not suf-
0.5 1.5 2.5 3.5 4.5 ficient to reproduce the observations. According to Baker

Time (days) (2005), who inferred the existence of soluble organic iodine

species from his measurements, there is indeed evidence for
organic iodine chemistry going on in the aqueous phase. In
the following section, we discuss the possible role of dis-
solved organic matter (DOM) for enhancing iodide concen-
trations in atmospheric aerosol.

Altitude (m)

3.2 lodide production by reactions involving DOM?

Altitude (m)

Unfortunately, very little is presently known about atmo-
spheric organic iodine chemistry. However, some studies
hint at a correlation of iodine with organics in atmospheric
aerosol particles (Murphy et al., 1997; Middlebrook et al.,
05 15 2.5 35 4.5 1998). In general, the presence of organic material espe-
Time (days) cially in submicrometer marine aerosol appears to be a rela-
4 tively abundant phenomenon (O’Dowd et al., 2004; Cavalli

°00 et al., 2004). Also, there is evidence that various organic
compounds have the potential to reduce HOIldnlseawa-

_ 400 ter to I” (Truesdale, 1974, Luther et al., 1995; Truesdale and
\E/ Luther, 1995; Truesdale et al., 1995a,b). Baker (2005) pro-
o 200 posed that the reaction of HOI with organic matter may be a
? significant source for soluble organic iodine in aerosol, and
5 200 that the subsequent decay may provide a route for the forma-
= —1 tion of aerosol T'. Evidence for the formation of iodocarbons

100 via aqueous phase reactions of HOI with organic material

was also provided by Carpenter et al. (2005).

0 : : : -3 Based on these studies, we investigated the possible for-
05 15 25 35 45 mation of I" by direct reaction of HOI with dissolved organic

matter (DOM), where we assume different rate constants for

the second-order reaction between HOl and DOM (122). The

Fig. 5. PH of seasalt aerosol (upper panel). Difference between pH€action is shown as green arrow in Fig. 1. Evidently, the
and equilibrium pH (definition see text) for Reactions (119) (middle Proposed reaction can only be important for the formation of
panel) and (120) (lower panel) calculated from given concentrationsiodide if its rate can compete with that of other reactions that
of iodine species (BASE simulation). consume either HOI (especially its reaction with Xor 1~

(its reaction with HOX or with ozone).

We assume that organic matter is emitted from the ocean
aerosol, an even more reduced mechanism can be applie@from the ocean’s surface microlayer or via bubbles that have
excluding additionally (17), (18), (19+), (111), (112) and (116) scavenged organic material while rising to the ocean’s sur-
(i.e., the remaining chemistry scheme comprises only the Reface) as part of the seasalt aerosol during bubble bursting.
actions (11+), (12) to (15), (115-), and (119-)). This infor- The prescribed DOM flux from the ocean’s surface into
mation may be useful for setting up simplified model studies,seasalt aerosol results in a molar DOM fraction of about 1%
but should be applied with caution as the importance of reacof the total aerosol (i.e., about 0.2 M near the ground). For

Time (days)
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Fig. 6. 5-days timeseries of 1and 1G; in 15m altitude for BASE (black, solid) and ORG with a second order rate coefficient for the

reaction between HOI and DOM of 3M~1s~1 (red, dashed) or TaM~1s~1 (blue, dotted). Note the logarithmic y-axis. Nighttime
periods are grey-shaded.

the “sulfate” aerosol, we prescribe an initial DOM fraction  In Fig. 6 we compare 5-days timeseries of the BASE simu-
of 10% (i.e., about 0.7 M near the ground). As the organiclation with the ORG simulation, where DOM has been intro-
fraction in ambient aerosol is highly variable, these numbersduced as just described. Including the reaction of HOI with
chosen for the model’'s bulk aerosol are of course somewhaDOM increases™ by about 2 to 3 orders of magnitude com-
arbitrary, but the higher organic fraction in the fine aerosolpared to BASE for both sulfate and seasalt aerosol, leading
mode (sulfate aerosol) compared to the coarse aerosol mode iodide concentrations of up to about 0.3 pmoifior sul-
(seasalt aerosol) seems at least plausible. In both aerosédte and about 3 pmoln? for seasalt, which is well within
modes, the organic fractions stays approximately constanthe range measured by Baker (2005).

during the model simulations. ) o _ _
Besides this direct production of by the reaction of HOI

The reaction rate constant for the.second—orlderlreacuorgvith DOM, there are also indirect consequences that result
rat7e 0le01| with DOM was set to either 3M~*s™* or  fom the increase of theland the decrease of the HOI con-
10°M™"s™". These values were chosen such that the réxengations. Most importantly for the scope of our paper is
action can compete with other reactions consuming HOl,iat enhanced leads to a general increase in the reaction

although they seem rather high compared to rate constanigyes of (119-) and (120-), and thus to a greater potential for
determined by Truesdale et al. (1995a,b) for the reaction Oiog reduction. Furthermore, there is also a shift in the rela-

“apparent iodine” (mainly4 and HOI) with organic reduc- e importance of these two reactions: While for the low io-
ers in seawater: For different seawater samples, Truesdalgqe concentrations of BASE, (119 dominates over (120),
et al’'s ratelcoTStantS vary from ab_ounk]l!_)z M~1s? _to . the significantly higher iodide concentrations of DOM lead to
5'2X104 M™=s™". However, considering this large variabil- ¢ qominance of (120), whose reaction rate has a quadratic
ity even within different seawater samples, higher rate CONyependence onfll. In case of the low-pH sulfate aerosol,
stants within aerosol samples appear to be possible. Specifirg)?T concentrations decrease by as much as 2 to 3 orders of
laboratory investigations are urgently needed. magnitude from maximum values of about 80 pmofhfin

In this context it should also be mentioned that the choiceBASE) to about 1 pmol m3 or even 0.07 pmol m? (in ORG,
of the rate constant and the choice of the DOM fraction inred and blue lines in Fig. 6), i.e., values that are at or be-
aerosol are not completely independent: For higher DOMIlow the detection limit of the instrumentation used by Baker
fractions, the same effect (in terms of reaction rates) would(2005). Therefore, it seems that the reaction of HOI with or-
be gained already for smaller rate constants and vice versa.ganic material could not only efficiently produce iodide, but
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could at the same time induce an efficient reduction of iodate, For a reasonable agreement of the model results with the
at least for acidic aerosol. iodide concentrations measured by Baker (2005), the reac-

For the less acidic seasalt aerosol, the reduction of iodatdon rate coefficient for the reaction of HOI with DOM has
due to enhancement of lis much smaller due to the still 0 Pe at least about %/'__l st Otherwise, the reaction
much smaller reaction rates of (129 and (120-) (which does not have the potential to m9d|fy the_ cher_nmal cycles
is due to the much lower [H): 105 values decrease only str(_)ngly enought Lak_)oratory gtudles that m_vestlgatg the re-
slightly by up to 10 pmolm?3. Even this slight decrease action of HQI with dlffere.nt. k|r_1ds of org_amc.materlal, as
is not only an effect of iodate reduction by (MY and well as studies on organic iodine che_mlst.ry in general are
(120-), but also an indirect effect of the lower HOI concen- 'urg.ently neeQed in order to t?St, the sugnnjcance 9f organic
trations: Lower liquid-phase HOI leads to less production of'Od'ne chemistry for the speciation of iodine and iodate in
IX (except for b whose production is enhanced due to Iargeraemso"

I~ concentrations), less release of these species to the gas

phase and, via the whole gas phase reaction mechanism, to

a slightly decreased production of H{Owhich is the main 4 Conclusions
gas phase precursor of JO

For the reasons just explained, gas phase mixing ratio4/sing an updated aqueous phase iodine chemistry mecha-
of ICl| and IBr decrease if the reaction of HOI with DOM hism, our model studies have shown that the transforma-
is included in the model simulations, while gas phase mix-tion of particulate iodide to volatile iodine species likely has
ing ratios of b increase from maximum values of about been overestimated in earlier studies, especially for acidic
0.1 pmolmot? (in BASE or OLD) to about 0.5 pmol mot aerosol. Furthermore, we showed that, unlike previously
(in DOM). In the gas phase, photolysis of IX followed by assumed, iodate can be reduced in acidic media by inor-
the reaction of the generated | radicals with ozone leads t@anic reactions, leading to a better agreement between mod-
the formation of 10 which can further react to OlO (for de- €lled and observed iodide and iodate concentrations. How-
tails in the gas phase chemical mechanism see Pechtl et aBVver, even for the updated inorganic chemical mechanism the
2006), i.e., changes in aqueous phase chemical reactions pgrodelled aerosol iodide concentrations are still significantly
tentially affect mixing ratios of most gas phase iodine com-lower than observed values.
pounds. However, the model simulations show only negligi- An efficient increase in iodide concentrations could be
ble changes in 10 and OIO mixing ratios with and without caused by organic iodine chemistry. According to our model
the reaction of HOI with DOM. Thus, from our model re- studies, the reaction of HOI with dissolved organic matter
sults it seems unlikely that discrepancies between measurechn efficiently enhance iodide concentrations if the reaction
and modelled iodine oxide concentrations are mainly due tds fast enough to compete with reactions of the inorganic cy-
deficiencies in aqueous phase iodine chemistry. For coastalle. As an indirect effect of the enhanced iodide concentra-
regions, where the emissions of iodine precursor compoundsons, that reaction also triggers a speed-up of the inorganic
from algae etc. tend to be much stronger than over the opeiodate reduction that could even result in near-zero iodate
ocean, the importance of recycling processes from the aguezoncentrations in strongly acidic aerosol.
ous phase for gas phase iodine mixing ratios is probably even Our finding that the efficiency of iodate reduction signif-
smaller. icantly increases with decreasing pH of the aerosol is indi-

As explained above, the different effects on iodate concentectly supported by the observations of Baker (2005), who
trations in sulfate and seasalt aerosol in the model depend®und iodate depleted especially in the fine aerosol mode
mostly on the different pH values. Convincing observational (which is likely to have lower pH-values than the coarse
evidence for this finding is still missing, but the measure-mode due to a smaller seasalt fraction) and the highest io-
ments of Baker (2005) do at least give a hint that this mightdate concentrations in the presence of alkaline Saharan dust.
be realistic: Baker (2005) found iodate enriched predomi- Of course, our studies are somewhat idealized with only
nantly in his coarse aerosol mode-(ti m), while the fine  two types of aerosol, each with a uniform pH-value for the
mode (d<1um) often contained very little amounts of io- whole aerosol mode. However, our studies illustrated the sig-
date. Assuming that the collected coarse particle fractiomificantly different behavior of aqueous phase reaction cy-
contains more (fresh) seasalt than the fine particle fractioncles at differing pH, for example iodate reduction, ranging
it is very likely that the pH of that fraction indeed tends to from a nearly complete loss of iodate in very acidic aerosol
be higher, leading (according to our chemical mechanism)pH about 0.5) to nearly no iodate reduction in near-neutral
to a less efficient iodate reduction. Another evidence for theaerosol (pH about 6). In reality, each aerosol particle is an
importance of aerosol pH is Baker’s finding that the highestindividual “chemical laboratory” with unique properties that
measured iodate concentrations coincide with the occurrencmay change continuously during its lifetime. The strong
of alkaline Saharan dust (A. R. Baker, personal communicapH dependence of both iodate reduction and iodide oxida-
tion). tion may offer an explanation for the large variability of
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