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Abstract. We studied the oxidation of dimethylsulfide
(DMS) in the marine boundary layer (MBL) with a onedimensional numerical model and focused on the influence
of halogens. Our model runs show that there is still significant uncertainty about the end products of the DMS addition pathway, which is especially caused by uncertainty in
the product yield of the reaction of the intermediate product methyl sulfinic acid (MSIA) with OH. BrO strongly increases the importance of the addition branch in the oxidation of DMS even when present at mixing ratios smaller than
0.5 pmol mol−1 . The inclusion of halogen chemistry leads to
higher DMS oxidation rates and smaller DMS to SO2 conversion efficiencies. The DMS to SO2 conversion efficiency
is also drastically reduced under cloudy conditions. In cloudfree model runs between 5 and 15% of the oxidized DMS reacts further to particulate sulfur, in cloudy runs this fraction
is almost 100%. Sulfate production by HOClaq and HOBraq
is important in cloud droplets even for small Br− deficits and
related small gas phase halogen concentrations. In general,
more particulate sulfur is formed when halogen chemistry is
included. A possible enrichment of HCO−
3 in fresh sea salt
aerosol would increase pH values enough to make the reac2−
tion of S(IV)? (=SO2,aq +HSO−
3 +SO3 ) with O3 dominant
for sulfate production. It leads to a shift from methyl sulfonic acid (MSA) to non-sea salt sulfate (nss-SO2−
4 ) production but increases the total nss-SO2−
only
somewhat
because
4
almost all available sulfur is already oxidized to particulate
sulfur in the base scenario. We discuss how realistic this is
for the MBL. We found the reaction MSAaq +OH to contribute about 10% to the production of nss-SO2−
4 in clouds.
It is unimportant for cloud-free model runs. Overall we find
that the presence of halogens leads to processes that decrease
the albedo of stratiform clouds in the MBL.
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1

Introduction

Clouds are essential for our climate, not only for their role
in the hydrological cycle but also for their influence on the
global albedo, i.e. the amount of sunlight that is reflected
back to space. The albedo of the ocean is between 0.06 and
0.1 (depending on wind speed), the type of clouds that we
focus on in this study – stratocumulus clouds – has an albedo
of about 0.6 (e.g. Barry and Chorley, 1998), implying a tenfold change from cloud-free to cloudy conditions. Therefore
knowledge about the processes that lead to cloud formation
and that influence the albedo is essential to understand short
term forcing of climate. Clouds grow on cloud condensation nuclei (CCN) and their number, size, and composition
determines cloud albedo (e.g. Twomey, 1974). Over clean
oceans CCN are mainly sea salt and sulfate aerosols, with
sulfate aerosols usually being dominant in number. Stratiform clouds (stratocumulus, stratus) in clean regions with
low CCN concentrations are most susceptible to changes in
size and number of CCN because of small vertical velocities
and supersaturations compared to more convective clouds.
This type of cloud covers most of the time between 20% and
40% of the oceans at all latitudes (see Lelieveld et al., 1989,
for seasonal and latitudinal data).
The most important gaseous precursor for sulfate aerosol
over the oceans is dimethyl sulfide (DMS), (see e.g. Charlson
et al., 1987) which is produced by organisms in the oceans
and subsequently emitted to the atmosphere where it is oxidized via two main reaction pathways: addition of an O
atom and abstraction of an H atom. OH both adds to and
abstracts from DMS. Contrary to abstraction, addition has
a negative activation energy implying higher rates at lower
temperatures. NO3 abstracts, but is mainly important in winter under clean marine conditions because of the small NOx
mixing ratios. Barnes et al. (1991) found in laboratory experiments that BrO also adds to DMS. Based on this, Toumi
(1994) investigated in a model study the importance of BrO
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Fig. 1. Schematic of the DMS oxidation reactions in the gas phase as used in this study. Uncertain reactions are denoted with a question
mark, dashed pathways are given only for reference and are not included in the model.

as a sink for DMS:
BrO+DMS −→ DMSO + Br

(1)

He found that for BrO mixing ratios of 0.5 pmol mol−1
the effect was already significant compared to the OH reactions. The rate coefficient for this reaction was measured
again by Bedjanian et al. (1996), Ingham et al. (1999), and
Nakano et al. (2001). The latter two groups extended the
measurements to higher pressures and found the reaction rate
coefficient to be about 60% faster than measured by Barnes
et al. (1991). We use the value of Ingham et al. (1999) with
k(BrO+DMS)=2.54×10−14 exp(850/T ). The ultimate fate
of the sulfur atom of the dimethyl sulfoxide (DMSO) that is
formed in the inital addition reaction is still not completely
known (see Sect. 4).
Even though a lot of progress has been made, there are
still significant gaps in our knowledge of the kinetics of iodine chemistry. Iodine oxide (IO) adds to DMS as well, the
rate coefficient was measured to be significantly slower than
that of BrO. Recent laboratory measurements (Nakano et al.,
2003), however, indicate a higher rate coefficient under atmospheric pressures. Iodine is also linked to the chemistry
of the other halogens and potentially also very important for
the loss of ozone (Vogt et al., 1999; McFiggans et al., 2000;
von Glasow et al., 2002a), so that there is a need for future
studies including the reaction IO+DMS and further updated
kinetic information.
Atmos. Chem. Phys., 4, 589–608, 2004

Under atmospheric conditions sulfuric acid (H2 SO4 ) is the
only final product of the DMS oxidation that can form new
aerosol particles, all other products may only condense onto
(and thereby enlarge) existing particles (see Fig. 1 for an
overview of the DMS oxidation reactions in the gas phase
that are used in this study). The distinction between H2 SO4
and other final products is important for chemistry-cloudclimate feedback considerations because of changes in the
number and size of CCN. Figure 2 shows the aqueous phase
reaction mechanism used in this study. According to Ross
et al. (1998), the product of the reaction DMSaq +OHaq is the
adduct. We assumed that addition and abstraction (the latter
with the product HSO−
4 ) take place with equal yields. We
could show, however, that this reaction is negligible.
In this paper we discuss the results from our numerical
model calculations of the oxidation of DMS in the MBL. We
investigate several scenarios (different chemical initial conditions; summer vs. winter; cloud-free vs. cloudy) and focus
on the differences between the two main oxidation branches,
the production of particulate sulfur, and point to possible
links between the natural cycles of sulfur and halogens. The
halogens chlorine and bromine in the marine boundary layer
(MBL) originate from sea salt aerosol and can be released to
the gas phase where they also play a role in the destruction
of ozone (Sander and Crutzen, 1996; Vogt et al., 1996); see
also von Glasow and Crutzen (2003) for an overview.
In Sect. 2 we describe possible links between the cycles
of sulfur and halogens and the potential climate importance.
www.atmos-chem-phys.org/acp/4/589/
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Fig. 2. Schematic of the DMS oxidation reactions in the aqueous phase as used in this study.

In Sect. 3 we give a description of the numerical model that
we used for this study and discuss our findings in detail in
Sect. 4.

2 Possible feedbacks between sulfur and halogens
Halogens interact with sulfur in the MBL in two ways:
in the gas phase, mainly by the addition reaction
DMS+BrO−→DMSO and in the aqueous phase by production of sulfate: HOXaq +S(IV)−→S(VI) (X=Cl, Br, Vogt
et al., 1996). The yield of SO2 in the addition branch of the
DMS oxidation is smaller than in the abstraction branch, especially under cloudy conditions (see Sect. 4). Reduced gas
phase concentrations of SO2 and H2 SO4 lead to a reduction
of the precursors for new particle formation because all other
intermediate products from the addition branch (dimethylsulfoxide (DMSO), dimethylsulfone (DMSO2 ), methyl sulfinic
acid (MSIA, CH3 S(O)OH), methyl sulfonic acid (MSA,
CH3 S(O)(O)OH)) do not produce new particles, they can
only condense on preexisting ones thereby increasing the size
and, for example for dust, organic, or soot aerosol, the hygroscopicity of the CCN.
The additional S(IV) oxidation reactions by HOXaq in the
aqueous phase (aerosols and droplets) increase the uptake of
SO2 from the gas phase, consequently reducing the production of gaseous H2 SO4 and subsequent new particle formation. On the other hand it leads to the growth of already
existing particles. Therefore the net effect of the halogen sulfur interactions are i) decreased precursors for new particle formation and ii) increased size and hygroscopicity of
the CCN. This constitutes a natural indirect aerosol effect
which would decrease the cloud albedo as opposed to the
anthropogenic indirect aerosol effect which increases cloud
albedo. The feedbacks are schematically shown in Fig. 3.
Under cloud-free conditions this idea is to some extend dependent on the rate coefficient and products of the reaction
MSIA+OH as explained in Sect. 4.1.
www.atmos-chem-phys.org/acp/4/589/

As the activation of sea salt bromide is acid catalyzed,
one could hypothesize that the importance of the proposed
climate feedback process has increased – at least in the regions that are influenced by anthropogenic pollution – since
human activity raised the gas phase acidity of the atmosphere through SO2 and NOx emissions leading to H2 SO4
and HNO3 ; it might also be more important in regions with a
lot of ship traffic.
So far, no global information about BrO concentrations in
the MBL is available. Significant depletion of bromide from
sea salt aerosol, however, was found in many locations (see
Sander et al., 2003, for an overview) which is an indicator for
active halogen chemistry in the MBL.
We want to stress that the implications of lower SO2 (and
therefore H2 SO4 ) yield from the addition path are valid for
all addition reactions.

3

Model description and setup

We used the one-dimensional model of the marine boundary layer MISTRA-MPIC as described in von Glasow et al.
(2002a,b). In addition to dynamics and thermodynamics, it
includes a detailed microphysical module that calculates particle growth explicitly and accounts for interactions between
radiation and particles. Chemical reactions in the gas phase
are considered in all model layers. In cloud-free layers with
relative humidity greater than the crystallization humidity,
aerosol chemistry is considered in “sulfate” aerosol (dry radius less than 0.5 µm, initial composition 32% (NH4 )2 SO4 ,
64% NH4 HSO4 , 4% NH4 NO3 ) and “sea salt” aerosol (dry
radius greater than 0.5 µm, initial composition like sea water) bins. In cloud layers two additional chemical aqueous
phase bins are considered: droplets that grew on sulfate and
on sea salt aerosols.
The model includes 138 gas phase (H-O-S-C-N-Br-Cl)
reactions that are important for the chemistry of the MBL
including halogen chemistry. A comprehensive reaction
set with 143 aqueous phase reactions, 12 heterogeneous
Atmos. Chem. Phys., 4, 589–608, 2004

592

R. von Glasow and P. J. Crutzen: DMS oxidation

higher albedo

lower albedo
S(IV) oxidation
by HOXaq in particles

Sc cloud

new CCN
new CCN

MSA
MSA

?
OH

OH
MSIA

OH

OH

DMSO

(lower T)

CH3SO2
BrO

OH (higher
T), NO3, Cl

CH3SO2

SO2

H2SO4

DMS

ocean
addition

abstraction

Fig. 3. Schematic of proposed halogen – sulfur – climate links in the MBL.

reactions and 21 equilibria is used for each of the four particulate bins. We updated the DMS oxidation mechanism and
treat it in more detail now (see reaction table in electronic
attachment to this paper or http://www.rolandvonglasow.de).
We assumed that H2 SO4 , MSA, MSIA, and DMSO2 have infinite effective Henry’s law constant which we implemented
by using H? =1016 M atm−1 . If we assume smaller H? , MSA
degasses from the sulfate aerosol during night. The formation of DMSO2 in the reaction DMSO+OH is uncertain and
reaction of DMSO2 with OH, NO3 , O3 , and Cl were found
to be not of importance (Falbe-Hansen et al., 2000). Our assumption of infinite solubility might overestimate its aqueous
fraction which is no major shortcoming in our mechanism,
because we assume it to be stable both in the gas and in the
aqueous phase, so it only affects the gas-aqueous distribution
of an unreactive substance.
The accommodation coefficients for H2 SO4 , MSA, MSIA,
and DMSO2 are taken from De Bruyn et al. (1994). The initial gas phase concentrations for the different runs are listed
in Table 1. In the remainder of this text we will use the
generic term “particles” to refer to both aerosols and cloud
droplets.
We will discuss detailed process studies of the multiphase
chemistry of the MBL under idealized conditions to investigate the reaction mechanism and then show results for
“mean” conditions for the tropics and Cape Grim, Tasmania
(41◦ S).
The latitude chosen for the process studies is ϕ=30◦ N at
the end of July for the summer runs and at the end of January
for the winter runs. In the cloud-free runs, the boundary layer
height is roughly 700 m, moisture and heat fluxes from the
sea surface are adjusted to yield a constant boundary layer
height. The relative humidity at the sea surface is roughly
Atmos. Chem. Phys., 4, 589–608, 2004

65%, increasing with height to around 90% below the inversion that caps the MBL. After a spin-up of the dynamical part
of the model for 2 days the complete model was integrated
for 5 days (the model runs start at midnight). The surface
temperature is about 14◦ C and 3◦ C in the summer and winter runs, respectively. According to Peixoto and Oort (1991)
(their Fig. 7.4) the average seasonal difference in surface air
temperature over the oceans is less than 10◦ C except for very
high latitudes and usually less than 5◦ C. Differences between
the winter and summer runs are only due to different meteorology, the chemical initial and boundary conditions have
not been changed to be able to concentrate on the influence
of temperature and insolation. A change in these two parameters, however, does reduce the OH concentration by 70%
which has major implications for the photochemistry.
For the runs with a stratiform cloud we chose the value
of the large scale subsidence such that the cloud top remains
stable at 775 m. The cloud base varies between 500 m during the day and 300 m during the night. The maximum liquid
water content (LWC) is roughly 0.75 g/m3 before sunrise and
0.45 g/m3 in the afternoon. In the winter runs the cloud base
is fairly constant around 300 m and the maximum LWC is
roughly 0.5 g/m3 . All simulated clouds are non-precipitating.
The initial aerosol distribution is listed in Table 2. In the different scenarios we made as few changes to the initial aerosol
distribution as possible in order to focus on differences in
chemistry and not in microphysics.
For both the cloud-free and cloudy process studies we
tested different reaction rates and product yields for the reaction MSIA+OH that is critical for the yields of SO2 , MSA
and H2 SO4 in the addition pathway (see Sect. 4.1).
The MBL height for the “tropics” runs is about 850 m
with a surface temperature of 28◦ C. The chemical initial
www.atmos-chem-phys.org/acp/4/589/
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Table 1. Initial mixing ratios of gas phase species at the surface (in nmol mol−1 ) and DMS emissions in molec cm−2 s−1 .
species

remote MBL

Cape Grim (summer)

Cape Grim (winter)

tropics

O3
NO2
HNO3
PAN
NH3
H2 O2
SO2
DMS
CH4
CO
C2 H6
HCHO
HCl

20.0
0.02
0.01
0.01
0.08
0.6
0.09
0.06
1800.0
70.0
0.5
0.3
0.04

15.0
0.01
0.01
0.01
0.04
0.7
0.01
0.12
1670.0
44.0
0.25
0.3
0.01

32.0
0.005
0.01
0.01
0.02
0.1
0.01
0.02
1690.0
66.0
0.25
0.3
0.005

10.3
0.02
0.01
0.01
0.08
0.6
0.02
0.04
1698.0
54.8
0.0
0.2
0.02

DMS emission

2×109

3.5×109

1.5×108

8×108

Values labeled “remote MBL” are for the “generic” runs and are the same for summer and winter runs whereas different values are used for
the “Cape Grim” runs in summer and winter. Initial conditions for the “Cape Grim” runs are taken from Ayers et al. (1995, 1997a,b, 1999);
Monks et al. (1998, 2000) and initial conditions for the “tropics” run are from Wagner et al. (2002).
Table 2. Initial size distribution of the aerosol.

The

data

is

after

mode i

Ntot,i (1/cm3 )

RN,i (µm)

σi

1
2
3a
3b

100
120
6
7

0.027
0.105
0.12
0.2

1.778
1.294
2.818
2.512

Hoppel


and

Frick
The particle size distribution is calculated according to
 (1990).
. Mode 3a was used for all scenarios except the “Cape Grim, summer” scenarios

Ntot,i
(lgr−lgRN,i )2
dN(r) P3
√
dlgr = i=1 lgσi 2π × exp −
2(lgσi )2

where we used mode 3b instead.

conditions are taken from Wagner et al. (2002). We used
three scenarios for Cape Grim, namely cloudy winter, cloudy
summer, and cloud-free summer trying to get close to observed meteorological conditions but are aware of the fact
that this is still only a rough approximation and certainly
cannot account for the variability encountered. Like all other
scenarios they are mainly meant as sensitivity studies to point
to some specific findings. The cloud top in the winter run is at
710 m and at about 900 m in the summer run, the cloud base
remains roughly around 350 m in the winter run, whereas
it is highest during day with about 650 m and lowest during night (around 550 m) in the summer run. The maximum
LWC for both seasons is about 0.4 g/m3 . The surface temperature is about 8◦ C and 14◦ C for the winter and summer runs,
respectively. In the cloud-free run the inversion of the MBL
is around 700 m, the relative humidity near the sea surface is
about 65% it increases to 95% at the top of the MBL. Chemical initial conditions for these three runs are from Ayers et al.
(1995, 1997a,b, 1999) and Monks et al. (1998, 2000).

www.atmos-chem-phys.org/acp/4/589/

In the cloud-free runs we initialized SO2 in the free troposphere with 50% of the MBL value, whereas we chose 25%
for the cloudy runs. This reduces the downward flux of SO2
in cloudy runs which is both a source of sulfur and of gas
phase acidity. Downward transport across the inversion that
caps the MBL is small in cloud-free runs.
We included a NO2 source of 10 pmol mol−1 day−1
(2 pmol mol−1 day−1 for the “Cape Grim” runs) in order to
account for uptake and deposition losses and maintain NOx
mixing ratios of about 3 and 15 pmol mol−1 for runs with and
without halogen chemistry, respectively. Sources for NOx in
the clean MBL can, for example, be decomposition of ocean
derived organic nitrates (e.g. Atlas et al., 1993; Chuck et al.,
2002) or direct release from the ocean (Zafiriou et al., 1980).
We did all runs with and without inclusion of halogen
chemistry in order to demonstrate the effect of halogens on
the chemistry. Under the inital conditions that we chose for
the process study runs almost all bromide gets released from
the sea salt aerosol resulting in BrO mixing ratios around
Atmos. Chem. Phys., 4, 589–608, 2004
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1.5 pmol mol−1 during noon and 3–4 pmol mol−1 during
the morning and afternoon peaks (see von Glasow et al.,
2002a, for a discussion of the diurnal cycle of BrO). In the
cloudy process study runs the BrO mixing ratio is about 1–
1.5 pmol mol−1 . It is less for the “Cape Grim” and “tropics”
scenarios and will be discussed later.

4

Results and discussion

The results of the model runs that are discussed in this section are summarized in Tables 3, 4, and 5 which list the DMS
oxidation rates, non-sea salt sulfate (nss-SO2−
4 ) and MSA
production rates, DMS → SO2 conversion efficiencies, and
MSA to nss−SO2−
4 ratios (as explained below). Figures 4
and 5 show the temporal evolution of SO2 , DMS, DMSO,
MSIA, MSA, and DMSO/DMS and Fig. 6 shows vertical
profiles of the same species for noon of the second model
day. If not explicitly stated otherwise all numbers that we
mention in this section and in the tables refer to mean values
over the depth of the MBL and the second to fifth model day
for cloud-free runs and second and third day for cloudy runs.
The discussion of the results is subdivided into four parts.
In Sect. 4.1 we discuss the likely final products of the addition pathway based on laboratory, field and modeling studies. In Sect. 4.2 we present results from our sensitivity studies for the importance of different pathways in the oxidation of DMS, focussing on halogens. This is followed by
a discussion of the particulate final products and related particle growth and a discussion of the conditions encountered
in the remote clean marine boundary layer based on Cape
Grim, Tasmania and Baring Head, New Zealand conditions
(Sect. 4.3). Finally, in Sect. 4.4, we discuss differences in
the diurnal variation of particulate and gaseous bromine that
could help explain differences that were so far encountered
when comparing model and field results.
4.1

Final products in the addition pathway

As already mentioned, knowledge about the pathways and
product yields of the DMS oxidation is essential to estimate
the potential for new particle formation and for growth of
existing aerosol particles. Usually it is assumed that MSA
is only formed in the abstraction pathway as a product of
the reaction CH3 SO3 +HO2 . However, MSA might also be
formed in the addition pathway. The initial addition reactions produce DMSO which reacts with OH (Urbanski et al.,
1998; Arsene et al., 2002; Wang and Zhang, 2002, almost
100% yield) to MSIA. Lucas and Prinn (2002) suggested
that MSIA might react with O3 to MSA. MSA could also be
a product of the reaction MSIA+OH but the main product
of the reaction MSIA+OH is CH3 SO2 (Kukui et al., 2003),
a main intermediate in the abstraction pathway. The reaction MSIA+OH could therefore be regarded as a “crossover
point” between the addition and abstraction pathway (see
Atmos. Chem. Phys., 4, 589–608, 2004

also Fig. 1). As will be shown below, the yield of MSA in
this reaction and the rate coefficient are of major importance
for the determination of the final products of the addition
pathway under cloud-free conditions. If most DMSO that is
formed in this reaction is transformed via MSIA to CH3 SO2
then there would be no significant differences between the
end products of the addition and abstraction pathways in the
gas phase. It is important, however, to note that the intermediate products DMSO and MSIA are taken up by particles,
especially in the cloudy MBL.
To investigate the possible final products of DMS oxidation and the implications for the MBL, we performed sensitivity studies with different rate constants for the reaction
MSIA+OH. Furthermore we investigated different yields of
MSA in this reaction and differences between cloud-free and
cloudy model runs.
According to the qualitative results of the smog chamber
study by Arsene et al. (2002) the overall yield of SO2 in
the addition branch should be small, whereas Kukui et al.
(2003) found that the yield of CH3 SO2 (a precursor of SO2 )
in the reaction MSIA+OH is 0.9±0.2 with indications for
a yield of unity. We used their measurement and previous
estimates of the rate constant for the reaction MSIA+OH
for sensitivity runs:
k=1.0×10−12 cm3 molec−1 s−1
(Lucas and Prinn (2002), runs labeled “Luc”),
k=1.6×10−11 cm3 molec−1 s−1 (Yin et al. (1990), runs
labeled “Yin”), k=9.0×10−11 cm3 molec−1 s−1 (Kukui et al.
(2003), runs labeled “Kuk”). In the cases “Luc” and “Yin”
we assumed a 100% yield of CH3 SO2 from this reaction
whereas we tested yields of 0, 5 and 10% MSA for the
“Kuk” cases. The “Luc” scenarios also include the reaction
MSIA+O3 .
For the “Cape Grim” and “tropics” scenarios we used a
yield of 5% MSA from the reaction MSIA+OH which is well
within the experimental uncertainty and increases gas phase
MSA mixing ratios.
As already mentioned, we did a model run for each scenario with and without halogen chemistry. In the runs including halogen chemistry the reaction DMS+BrO makes
the addition pathway be a lot more important than in runs
without halogen chemistry (see Sect. 4.2).
4.1.1

Model runs for the cloud-free MBL

In the “Luc” scenario the gas phase concentration of SO2
is reduced by about 30% when halogen chemistry is considered (see Fig. 4). The production of SO2 is smaller than
in the other runs because the “crossing” from the addition to
the abstraction pathway via the reaction MSIA+OH is unimportant. In the other runs, especially in the “Kuk” runs, this
“crossing” is very efficient and the products SO2 , H2 SO4 and
MSA are formed as a consequence in the gas phase. In these
runs the SO2 mixing ratio is higher if halogen chemistry is
included because of the production of MSIA following the
fast reaction DMS+BrO. Only on the last model day, the
www.atmos-chem-phys.org/acp/4/589/
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Table 3. Overview of oxidation rates.
DMS oxidation rate

run

[mol m−3 d−1 ]

relative contribution to total
oxidation rate
BrO OH(ad) OH(ab) NO3
%
%
%
%

nss-SO2−
4 production rate
[mol m−3 d−1 ]

relative contribution to total
production rate
OH(g) HOXaq O3,aq H2 O2,aq
%
%
%
%

MSA production rate

DMS → SO2 conversion efficiency

[mol m−3 d−1 ]

cloud-free
Luc
Luc, no hal.
Yin
Yin, no hal.
Yin, winter
Yin, winter, no hal.
Kuk, 0% MSA
Kuk, 0% MSA, no hal
Kuk, 5% MSA
Kuk, 5% MSA, no hal.
Kuk, 5% MSA, winter
Kuk, 5% MSA, winter, no hal.
Kuk, 10% MSA
Kuk, 10% MSA, no hal.
tropics
tropics, no hal.

4.38×10 −9
3.49×10 −9
4.37×10 −9
3.49×10 −9
5.00×10 −9
2.54×10 −9
4.37×10 −9
3.48×10 −9
4.37×10 −9
3.48×10 −9
5.01×10 −9
2.52×10 −9
4.38×10 −9
3.48×10 −9
1.17×10 −9
1.13×10 −9

63.4
–
63.6
–
83.5
–
63.8
–
63.8
–
83.8
–
63.8
–
16.9
–

12.7
44.3
12.6
44.3
5.5
57.7
12.5
44.3
12.5
44.3
5.3
57.6
12.5
44.3
19.6
24.1

14.7
50.2
14.6
50.2
3.1
30.8
14.5
50.2
14.5
50.2
2.9
30.8
14.5
50.2
51.0
62.7

3.31×10 −10
2.97×10 −10
4.91×10 −10
3.71×10 −10
2.19×10 −10
1.23×10 −10
5.87×10 −10
4.18×10 −10
5.70×10 −10
4.15×10 −10
2.65×10 −10
1.36×10 −10
5.54×10 −10
4.09×10 −10
1.77×10 −10
1.79×10 −10

1.2
5.4
1.2
5.5
1.2
11.5
1.3
5.6
1.3
5.6
1.2
11.6
1.3
5.6
9.5
13.1

38.8
69.0
43.0
69.3
11.8
30.6
46.2
69.1
46.2
68.6
14.1
31.6
46.2
68.5
89.0
93.3

50.8
–
45.4
–
74.8
–
41.9
–
41.9
–
71.4
–
41.9
–
8.9
–

1.8
10.2
1.4
9.2
7.0
52.0
1.2
8.4
1.2
8.2
7.0
49.7
1.1
8.0
0.3
0.3

8.5
20.5
10.1
21.3
6.2
16.7
10.7
21.3
10.6
21.2
7.3
17.7
10.6
21.1
1.7
1.8

1.80×10−10
1.37×10−10
0.33×10−10
0.42×10−10
0.13×10−10
0.17×10−10
0.18×10−10
0.19×10−10
1.38×10−10
0.79×10−10
0.89×10−10
0.44×10−10
2.58×10−10
1.39×10−10
0.20×10−10
0.14×10−10

0.284
0.587
0.597
0.789
0.221
0.513
0.789
0.905
0.762
0.888
0.406
0.653
0.734
0.871
0.929
0.957

See text for explanation of the different model runs. The numbers are means over the MBL from the 2nd until 5th model day. The contribution of the individual path is given as
relative contribution to the total oxidation rate. The main difference between the runs is the rate constant of the reaction MSIA+OH. The following values were chosen: runs labeled
“Luc” – k=1.0×10−12 cm3 molec−1 s−1 (Lucas and Prinn (2002), also including the reaction MSIA+O3 ), runs labeled “Yin” – k=1.6×10−11 cm3 molec−1 s−1 (Yin et al., 1990),
runs labeled “Kuk” – k=9.0×10−11 cm3 molec−3 s−1 (Kukui et al., 2003). The percentages given for the “Kuk” runs are the yield of MSA in the reaction MSIA+OH.

Table 4. Overview of oxidation rates, continued.
DMS oxidation rate

relative contribution to total
oxidation rate
BrO OH(ad) OH(ab) NO3
%
%
%
%

nss-SO2−
4 production rate
[mol m−3 d−1 ]

relative contribution to total
production rate
OH(g) HOXaq O3,aq H2 O2,aq
%
%
%
%

MSA production rate

DMS → SO2 conversion efficiency

run

[mol m−3 d−1 ]

[mol m−3 d−1 ]

Cape Grim
summer
summer, no hal.
summer, 2.5x HCO−
3
summer, 4.5x HCO−
3
cloudy

6.45×10 −9
4.95×10 −9
5.26×10 −9
4.97×10 −9

77.8
–
15.9
2.5

7.1
39.4
32.9
38.4

10.7
56.1
47.2
54.7

0.8
4.5
2.7
4.0

23.33×10 −10
21.53×10 −10
31.65×10 −10
30.90×10 −10

10.7
10.5
3.2
2.3

40.8
–
17.6
22.4

47.2
86.8
78.5
74.8

1.2
2.0
0.4
0.3

2.11×10−10
0.94×10−10
1.08×10−10
0.95×10−10

0.700
0.892
0.827
0.804

Yin
Yin, no hal.
Kuk, 0% MSA
Kuk, 0% MSA, no hal
Kuk, 5% MSA
Kuk, 5% MSA, no hal.
Kuk, 5% MSA, winter
Kuk, 5% MSA, winter, no hal.

3.43×10 −9
3.08×10 −9
3.43×10 −9
3.08×10 −9
3.43×10 −9
3.08×10 −9
3.44×10 −9
2.01 ×10 −9

35.4
–
35.4
–
35.4
–
64.0
-

26.6
40.5
26.6
40.5
26.6
40.5
15.5
39.6

28.4
43.3
28.4
43.2
28.4
43.2
8.6
22.0

1.6
9.7
1.6
9.7
1.6
9.7
2.1
18.8

15.94×10 −10
19.24×10 −10
18.24×10 −10
20.74×10 −10
18.03×10 −10
20.60×10 −10
6.65×10 −10
9.96×10 −10

1.4
1.5
1.7
1.6
1.6
1.6
0.1
0.2

39.4
–
39.0
–
38.9
–
54.4
–

0.7
1.4
0.7
1.3
0.7
1.3
1.5
4.0

41.0
80.6
44.6
82.5
44.2
82.3
27.9
68.3

17.66×10−10
11.66×10−10
15.12×10−10
9.85×10−10
15.39×10−10
10.04×10−10
21.18×10−10
10.60×10−10

0.406
0.587
0.493
0.652
0.485
0.646
0.140
0.419

Cape Grim
summer
summer, no hal.
summer, 2x HCO−
3
summer, 2.5x HCO−
3
summer, 4.5x HCO−
3
winter
winter, no hal.

4.01×10 −9
3.61×10 −9
3.63×10 −9
3.61×10 −9
3.60×10 −9
0.13×10 −9
0.18×10 −9

38.2
–
4.6
2.5
1.3
15.8
–

29.2
46.0
44.2
45.0
45.5
13.6
7.7

29.3
46.4
44.5
45.4
45.9
8.9
5.0

1.2
5.8
4.5
4.9
5.2
40.4
77.1

15.56×10 −10
22.07×10 −10
17.57×10 −10
17.73×10 −10
17.88×10 −10
0.81×10 −10
1.46×10 −10

1.0
1.2
0.9
0.9
0.8
0.1
0.0

40.9
–
22.9
21.3
17.9
22.2
–

15.9
33.8
39.3
45.5
51.9
38.2
78.5

38.1
57.9
31.9
27.1
23.9
1.6
2.6

15.37×10−10
10.65×10−10
11.32×10−10
11.19×10−10
11.19×10−10
0.59×10−10
0.30×10−10

0.451
0.644
0.614
0.625
0.630
0.499
0.815

See text and caption of Table 3 for explanation of the different model runs. The numbers are means over the MBL over the 2nd and 3rd model day. The contribution of the individual
path is given as relative contribution to the total oxidation rate.

SO2 mixing ratios in the non-halogen runs exceed those of
the halogen runs because OH is needed as reactant which
is smaller by roughly 20–25% on the last model day in the
halogen runs due to halogen-catalyzed O3 destruction (see
Fig. 5).
www.atmos-chem-phys.org/acp/4/589/

The MSA production rate in “Luc” is about five times
as high as in the “Yin” runs and ten times greater than in
the “Kuk 0%” runs which is mainly caused by the reaction
MSIA+O3 . In the “Luc” runs between 61% and 77% of
MSAtot is formed via the reaction MSIA+O3 . Formation
Atmos. Chem. Phys., 4, 589–608, 2004
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Table 5. Modeled P(MSA) – P(nss-SO2−
4 ) ratios.
aerosol
sea salt

sulfate

droplets
sea salt

run

sulfate

cloud-free
Luc
Luc, no hal.
Yin
Yin, no hal.
Yin, winter
Yin, winter, no hal.
Kuk, 0% MSA
Kuk, 0% MSA, no hal.
Kuk, 5% MSA
Kuk, 5% MSA, no hal.
Kuk, 5% MSA, winter
Kuk, 5% MSA, winter, no hal.
Kuk, 10% MSA
Kuk, 10% MSA, no hal.

0.958
0.406
0.064
0.068
0.174
0.143
0.036
0.037
0.402
0.201
1.744
0.668
0.789
0.370

0.316
0.534
0.071
0.187
0.043
0.131
0.026
0.059
0.125
0.167
0.118
0.167
0.229
0.279

–
–
–
–
–
–
–
–
–
–
–
–
–
–

–
–
–
–
–
–
–
–
–
–
–
–
–
–

tropics
tropics, no hal.
CG, summer
CG, summer, no hal.
CG, summer, 2.5x HCO−
3
CG, summer, 4.5x HCO−
3
cloudy
Yin
Yin, no hal.
Kuk, 0% MSA
Kuk, 0% MSA, no hal.
Kuk, 5% MSA,
Kuk, 5% MSA, no hal.
Kuk, 5% MSA, winter
Kuk, 5% MSA, winter, no hal.

0.115
0.016
0.632
0.285
0.742
0.873

0.115
0.157
0.033
0.017
0.013
0.011

–
–
–
–
–
–

–
–
–
–
–
–

0.289
0.629
0.209
0.540
0.472
0.643
1.429
0.775

0.252
0.399
0.136
0.273
0.386
0.389
1.062
0.442

1.153
0.612
0.868
0.478
0.882
0.484
3.307
1.098

0.786
0.456
0.560
0.363
0.569
0.366
1.178
0.614

CG, summer
CG, summer, no hal.
CG, summer, 2x HCO−
3
CG, summer, 2.5x HCO−
3
CG, summer, 4.5x HCO−
3
CG, winter
CG, winter, no hal.

0.813
0.553
0.857
0.894
0.952
0.105
1.174

0.040
0.049
0.017
0.016
0.018
0.032
0.006

1.601
0.785
1.672
1.878
2.048
1.200
0.062

0.108
0.173
0.050
0.044
0.050
0.090
0.015

See text for explanation of the different model runs and P(MSA):P(nss-SO2−
4 ). The values are averaged over the MBL for model days 2–5
for the cloud-free runs and days 2–3 for cloudy runs.

of MSA in the reaction CH3 SO3 +HO2 is less than 2.5% in
the summer and about 10% in the winter runs of the total
MSA production for all scenarios. The rest of the MSAtot
production occurs in the aerosols.
We tested how sensitive the results are to different yields
of MSA in the reaction MSIA+OH (only for “Kuk” scenarios). Even a small yield of 5% leads to a more than sevenfold increase in the formation of MSA because of the high
rate constant for MSIA+OH making the gas phase dominant
Atmos. Chem. Phys., 4, 589–608, 2004

for the formation of total MSA. Using a 10% yield the MSA
production is fourteen times higher.
Reactions of the MSIA-precursor DMSO with compounds
other than OH or strong uptake by particles could make the
system less sensitive to the reaction MSIA+OH. We investigated the potential of a surface reaction of OH with
DMSOsurf because Allen et al. (1999) found that DMSO
partitions to the surface in DMSO – water mixtures. We
found, however, that almost every OH molecule that hits the
www.atmos-chem-phys.org/acp/4/589/
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Fig. 4. Temporal evolution in 50 m altitude of some sulfur species, time is given in hours from modelstart which is at midnight. Results
are shown for sensitivity studies with different rate coefficients for the reaction MSIA+OH and with vs. without halogen chemistry. The
scenarios are: “Luc” (black, solid line), “Luc, nh” (red, dotted line), “Yin” (green, dashed line), and “Yin, nh” (blue, dash-dotted line), see
Sect. 4.1 for an explanation of the abbreviations.

aerosols would have to react with DMSO to lead to a detectable increase in MSIA− formation, which is impossible.
An upper limit for the aerosol surface fraction being covered
with DMSO (based on our size distribution and DMSOaq
concentrations) is 10−4 . We also tested if aqueous phase reactions of DMSO other than with OH could lead to an increase in aerosol phase MSA production but both Cl−
2 and
NO3,aq (which have the highest potential to be of importance)
could not compete with the OHaq reaction. We further tested
if increasing the measured Henry’s law constant of DMSO
(Watts and Brimblecombe, 1987) would lead to an increased
production of MSIA− via reaction with OHaq but this was
only the case when we increased it by 3 orders of magnitude,
which is unrealistic.
In the “Luc” runs that include MSIA+O3 , this reaction
is dominant for the production of total MSA (including
www.atmos-chem-phys.org/acp/4/589/

aerosol). In all cloud-free runs that we discuss in this paper
the gas phase production of MSA via CH3 SO3 +HO2 contributes less than 10% of the total MSA production. For the
“Kuk” runs with 5% yield of MSA the reaction MSIA+OH
accounts for more than 70% of the total MSA production.
If these reactions occur as assumed then MSA formation in
the DMS abstraction pathway would be only of minor importance unlike usually assumed in the literature so far. The
aqueous phase reaction MSIA+OH is the main source for total MSA when gas phase production of MSA is unimportant.
The peak mixing ratios of gas phase MSA occur in
the model before noon if halogen chemistry is included
and at noon for non-halogen model runs (see Sect. 4.2
for an explanation for this). Peak values are less than
1×105 molec cm−3 for the runs with 0% MSA yield, less
than 1.0×107 molec cm−3 for the runs with 5% MSA yield
Atmos. Chem. Phys., 4, 589–608, 2004
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Fig. 5. Same as Fig. 4 but for the scenarios: “Kuk 0%” (black, solid line), “Kuk 0%, nh” (red, dotted line), “Kuk 5%” (green, dashed line),
and “Kuk 5%, nh” (blue, dash-dotted line).

in the reaction MSIA+OH and about 2×107 molec cm−3 for
the runs with 10% MSA yield. In our “tropics” scenario with
a 5% yield of MSA the peak concentrations of MSA are
about 2.5×106 molec cm−3 and 1.5×106 molec cm−3 , with
and without halogen chemistry, respectively.
So far only few measurements of gas phase MSA have
been made.
Published concentrations range from 1–
9×105 molec cm−3 in the Antarctic (Mauldin et al., 2001;
Jefferson et al., 1998), to 105 –106 molec cm−3 for the “tropics” (Davis et al., 1999), and <3×104 –3.7×107 molec cm−3
for the Eastern Mediterranean (Bardouki et al., 2003). These
measurements indicate that there has to be at least some formation of gas phase MSA in the atmosphere which we could
not satisfactorily reproduce in the model without assuming
that MSA is produced in the addition pathway.
Davis et al. (1999) estimated that during flight 7 of the
PEM Tropics-A campaign the gas phase contributed 1% to
total MSA production. They assumed a MSA yield of 3% in
the reaction MSIA+OH and 0.35% in the abstraction reacAtmos. Chem. Phys., 4, 589–608, 2004

tion of OH with DMS. Lucas and Prinn (2002) concluded
that reactions in addition to those proposed by Yin et al.
(1990) are needed to reproduce observed MSA(g) during
ACE 1. Assuming only the abstraction reaction DMS+OH
as precursor for MSA(g), Bardouki et al. (2003) estimated
a contribution of the gas phase to total MSA production of
0.1% for the Eastern Mediterranean Sea.
4.1.2

Model runs for the cloudy MBL

Under cloudy conditions the picture changes drastically.
The uptake of the MSIA-precursor DMSO into droplets is
fast. This leads to a strongly decreased reaction rate of
MSIA+OH−→CH3 SO2 and no significant contribution of
the addition pathway to the formation of SO2 . Therefore the
concentration of SO2 is smaller in all runs including halogen chemistry than in the runs without because of the predominance of addition reactions in the halogen runs. In the
“Kuk” scenarios the mean SO2 concentrations are about 12%
www.atmos-chem-phys.org/acp/4/589/
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Fig. 6. Vertical profile of some sulfur species at noon on the second model day for the scenarios: “Kuk 5%, cloud-free” (black, solid line),
“Kuk 5%, nh, cloud-free” (red, dotted line), “Kuk 5%, cloudy” (green, dashed line), and “Kuk 5%, nh, cloudy” (blue, dash-dotted line).
Slow vertical exchange across the inversion that caps the MBL leads to the small peaks in the cloudy runs above the inversion where uptake
on particles is small.

smaller in summer in halogen runs than in runs without halogens and 64% in winter. One has to keep in mind that due to
strong uptake by the cloud droplets the gas phase concentrations of SO2 in the cloud runs is more than an order of magnitude smaller than in cloud-free runs. The importance of gas
phase reactions for the formation of MSA in the cloudy runs
is minimal, they never contribute more than 2% to the total
MSA formation.
Due to the fast uptake by droplets of the intermediate
products in the addition pathway the production of MSA is
strongly increased in the runs with halogen chemistry because of the dominance of addition as loss for DMS in these
cases.
4.1.3

Conclusions

Our model runs show that there is still significant uncertainty
about the end products of the DMS addition pathway. Eswww.atmos-chem-phys.org/acp/4/589/

pecially the sensitivity in the product yield of the reaction
MSIA+OH makes it hard to come to final conclusions. If no
MSA is formed in this reaction and if the reaction MSIA+O3
is slower than assumed by Lucas and Prinn (2002), then the
gas phase production of MSA under cloud-free conditions is
about 2% in summer and 10% in winter of the total MSA
formation. Or, phrased differently, gas-phase production of
MSA would be of minor importance compared to production
in aerosols. If, however, the reaction MSIA+OH had a MSA
yield of only 5% it could become the dominant MSA production pathway (for both halogen and no halogen conditions).
Then the DMS-abstraction pathway would be only of minor
importance for MSA production.
Under cloudy conditions the gas phase contributes only
about 2% to the total formation rate of MSA and is insignificant for winter runs. The sensitivities to the gas phase reactions of MSIA are very weak due to the uptake of the MSIA
precursor DMSO and the uptake of MSIA itself.
Atmos. Chem. Phys., 4, 589–608, 2004
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The aqueous phase reaction MSIA+OH is the main source
for total MSA when gas phase production of MSA is unimportant. Field measurements indicate that there has to be at
least some formation of gas phase MSA in the atmosphere
which we could not satisfactorily reproduce in the model
without assuming that MSA is produced in the addition pathway.
4.2

Oxidation of DMS

In this section we discuss the roles of OH, NO3 , BrO, Cl,
and O3,aq for the oxidation of DMS as well as changes in the
DMS −→ SO2 conversion efficiency.
4.2.1

Model runs for cloud-free MBL

The DMS oxidation rates are the same in the scenarios
“Luc”, “Yin”, and “Kuk” because differences between these
runs only affect the products of DMS. Inclusion of halogens increases the DMS destruction by about 25% in summer and by 100% in winter. The contribution of BrO to
the destruction of DMS (averaged over model days 2–5) is
about 64% in the summer runs and about 84% for the winter runs. The relative importance increases with time even
though BrO concentrations stay constant because the concentration of the next most important oxidant OH decreases
with time due to decreasing O3 which gets photochemically
destroyed, especially by halogens. Note that it is this combination of bromine-catalyzed O3 destruction leading to a
smaller contribution by OH to the oxidation of DMS and the
presence of BrO as oxidant for DMS that leads to the high
relative importance of BrO. The contribution of BrO to total
DMS destruction on days 2 and 3 is about 56% which is already a very high number. The addition pathway dominates
in halogen runs with about 76% compared to 44% in the runs
without halogens (89% vs. 58% in winter).
In the runs without halogen chemistry about 5–6% and
11.5% in summer and winter, respectively, of the total DMS
destruction is by NO3 , the rest by OH. This number is
strongly dependent on NOx mixing ratios which were about
2–3 and 13 pmol mol−1 for runs with and without halogen
chemistry, respectively. For the winter runs the mixing ratios are about 3 and 20 pmol mol−1 for runs with and without halogen chemistry, respectively. NO3 is relatively more
important under winter than summer conditions because of
longer nights and roughly 70% smaller concentrations of OH
in winter. This is caused by an adjustment of the solar elevation and temperature to winter conditions; we did not change
the chemical initial conditions. In summer NO3 contributes
about 1% to the total DMS oxidation rate in the halogen runs
and OH and Cl about 27% and 8%, respectively (see also
the discussion of seasonal differences in von Glasow et al.,
2002a). The source for NOx in the model is a prescribed flux
of 10 pmol mol−1 day−1 (see Sect. 3). Furthermore, the phoAtmos. Chem. Phys., 4, 589–608, 2004

tolysis of NO−
3 in sea salt aerosol leads to an additional flux
of NO2 to the gas phase of about 0.7 pmol mol−1 per day.
We do not expect the contribution of BrO to be this high
over the remote oceans but discuss these cases to illustrate
the chemistry. In the scenarios “tropics” and “Cape Grim”
(see Sect. 4.2.3) we will discuss smaller influence of halogen chemistry. To our knowledge there have been only two
measurements of BrO in the MBL reported in the literature
so far: Leser et al. (2003) found about 0.7 pmol mol−1 in the
North Atlantic whereas Saiz-Lopez et al. (2004) measured
up to 6 pmol mol−1 at Mace Head, Ireland. The presence
of BrO has also been inferred from differential optical absorption spectrometry (DOAS) measurements in open-ocean
surface air at Hawaii (Pszenny et al., 2004). Due to the predicted vertical profile in sea salt aerosol acidity with a maximum near the inversion that caps the MBL (von Glasow
and Sander, 2001), BrO mixing ratios show a vertical profile in the model with maxima at the top of the MBL (see
also von Glasow et al., 2002a). Around noon, they are about
1.5 pmol mol−1 at the surface and 2.5 pmol mol−1 near the
inversion that caps the MBL. The morning peaks are between 4.5 and 6.2 pmol mol−1 . BrO is never smaller than
1.5 pmol mol−1 during day.
4.2.2

Model runs for cloudy MBL

In cloud runs BrO is relatively less important as oxidant for
DMS than in cloud-free runs but it is still a major oxidant if
halogen chemistry is considered in the model. The addition
pathway dominates the oxidation of DMS in halogen runs
with about 62% compared to 40% in the runs without halogens (80% vs. 40% in winter). The importance of OH as
oxidant for DMS increased in the halogen runs to about 55%
and that of Cl decreased to 3%.
Based on the measurements of Gershenzon et al. (2001),
Boucher et al. (2003) included the aqueous phase oxidation
of DMS by O3 in a global model of the sulfur cycle and found
it to contribute about 6% to the overall destruction of DMS.
In our cloud runs including halogen chemistry it contributes
about 4% and in runs without halogen chemistry 7% of the
total DMS oxidation in the MBL. Under winter conditions,
however, the contribution is 6% and 18.6%, with and without halogen chemistry, respectively. It is unimportant under
cloud-free conditions. These numbers suggest that this reaction should be included in models of the sulfur cycle, especially when looking at high latitudes or winter conditions.
4.2.3

Model runs for special environments

The BrO mixing ratios for the “tropics” scenario are small
with 0.3 pmol mol−1 around noon and peak values of about
1.5 pmol mol−1 . Nevertheless, the relative contribution of
BrO to DMS oxidation is very significant with almost 17%.
In the “Cape Grim” scenarios with clouds, the BrO contribution is very strong for summer with 38% but only about
www.atmos-chem-phys.org/acp/4/589/
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14% during winter. We did additional runs for the “Cape
Grim, summer” scenario where we enhanced the sea salt alkalinity by increasing the bicarbonate (HCO−
3 ) concentrations in fresh sea salt aerosol. These studies are based on
field observations (Sievering et al., 1999) that enrichment
of HCO−
3 could occur at the ocean’s surface where sea salt
aerosol is produced from bubble bursting. They refer to this
as “biological alkalinity”. In sea salt aerosol HCO−
3 acts as
+
a buffer via the equilibrium CO2 +H2 O←→HCO−
3 +H . It
−
titrates most of the acidity in sea salt until the HCO3 reservoir is used up and only then the particle pH drops. HCO−
3
is therefore of major importance for the regulation of the pH
of sea salt aerosol. We tested a 100% (“2x HCO−
3 ” run), a
−
”
run),
and
a
350%
(“4.5x
HCO
150% (“2.5x HCO−
3 ” run)
3
−
increase in HCO3 . In these cases BrO mixing ratios were
even smaller than in the “tropics” cases: 0.1–0.2 pmol mol−1
−1 in the
in the “2x HCO−
3 ” run and less than 0.1 pmol mol
−
−
“2.5x HCO3 ” and “4.5x HCO3 ” runs. For comparison: in
the “Cape Grim, summer” run the BrO mixing ratios are 0.5–
1.5 pmol mol−1 . The relative contribution of BrO to DMS is
still significant although drastically reduced in the runs with
increased alkalinity: about 38% in the “Cape Grim, summer”
run, about 4.6% in the “2x HCO−
3 ” run, 2.5% in the “2.5x
HCO−
”
run,
and
1.3%
in
the
“4.5x
HCO−
3
3 ”. The bromine
−
deficit (calculated from the Br : Na+ ratio in the sea salt
aerosol as compared to that in seawater) is with 13–33%
in the “Cape Grim, summer” run smaller than the observed
summer values of about 60–80% (Ayers et al., 1999). The
deficit is only 3.5% in the “2x HCO−
3 ” run and less than 1%
−
in the “2.5x HCO−
”
and
“4.5x
HCO
3
3 ” scenarios. This, however, and the very high seasalt pH values of 8–10 are unrealistic if compared with measurements that show pH values
between 3.5 and 5.1 for clean to moderately polluted conditions (Keene and Savoie, 1998, 1999; Keene et al., 2002;
Pszenny et al., 2004). Caused by this strong reduction of the
activation of Br− , the development of gas phase chemistry in
the scenarios with HCO−
3 enrichment had a greater similarity
with the non-halogen run than with the halogen run.
In the base cloud-free model run for “Cape Grim” conditions the BrO mixing ratio is with 5–15 pmol mol−1 unrealistically high, the bromine deficit of 30–85%, however, is
similar to the measured values of Ayers et al. (1999). The
high gas phase values are due to high wind speeds leading
to a high sea salt loading and efficient release of bromine
from the aerosol to the gas phase as evident in the values for
the bromine deficit. One way to explain the discrepency between model and field data would involve organic bromine
compounds that “sequester” bromine (Toyota et al., 2003).
In this study, however, we did not investigate this possibility. We also did runs with a 2.5x and 4.5x enrichment of
HCO−
3 and found the expected increase in sea salt aerosol
pH and smaller BrO mixing ratios. On the other hand, the
Br− deficits of 20 and 3% were again too small compared
with measurements. The contribution of BrO to the DMS
www.atmos-chem-phys.org/acp/4/589/
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oxidation decreased from 78% in the run without increased
sea salt alkalinity to 16% and 2.5% with a 2.5 and 4.5 fold
enrichment in HCO−
3 , respectively.
In the “Cape Grim, winter” scenarios the DMS flux from
the ocean is reduced by more than a factor of twenty. BrO
mixing ratios are less than 0.5 pmol mol−1 but it still plays
an important role for the oxidation of DMS with 16% of the
total. The most important oxidant is the NO3 radical with a
contribution of 40% including halogen chemistry and 77%
without it. NOx mixing ratios are 6–12 pmol mol−1 and the
nighttime NO3 mixing ratios are up to 0.5 pmol mol−1 . The
main reason for the importance of NO3 are the small OH (see
above) and BrO concentrations.
4.2.4

DMS−→SO2 conversion efficiency

The DMS−→SO2 conversion efficiency is a measure for the
importance of gas phase reactions and for the production
of new particle formation precursor gases. Many estimates
of the DMS conversion efficiency have been published and
cover a wide range roughly from 0.2 to 1. Usually measurements of DMS, SO2 and sometimes OH are used together
with photochemical models to derive the conversion efficiencies. As discussed in detail by de Bruyn et al. (2002), these
calculations are very dependent on the reaction mechanism
that was chosen and can even yield different results for the
same field campaign. It is also not yet established if there is
a latitude dependence of the conversion efficiency but measurements indicate that it is higher at low latitudes (see de
Bruyn et al., 2002, and references therein).
The DMS−→SO2 conversion efficiencies were calculated
for all runs (see Tables 3 and 4), they range from 0.140 to
0.957 and showed an expected rise with increase in the rate
constant of MSIA+OH. The conversion efficiency is reduced by only 2–3% if we use a yield of 5% for MSA in
the “Kuk” scenario and by 4–7% for the “Kuk 10%” run. It
is strongly reduced under colder temperatures and with lower
OH (see winter cases).
The SO2 yield from the oxidation of DMS is always
smaller when halogen chemistry is included. This is caused
by the higher DMS destruction rates in halogen runs and
slower conversion of CH3 S to CH3 SO2 that involves two reactions with O3 which gets depleted by halogen chemistry.
When halogen chemistry is accounted for, the destruction
of DMS starts earlier in the morning and has a more abrupt
onset (see Figs. 4 and 5) because of the early morning peak
in BrO. This propagates into DMSO and MSAg (if the MSA
yield in the reaction MSIA+OH is greater than zero) which
also show a peak before noon. These diurnal variations might
be used for a qualitative test during field campaigns to see if
halogen chemistry was important. The diurnal variation of
BrO will only show the morning and afternoon peaks as long
as the NOx concentrations are not too high to make NO2 be
the main sink (instead of HO2 ) for BrO (see also discussion
in von Glasow et al., 2002a).
Atmos. Chem. Phys., 4, 589–608, 2004
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In cloudy runs, the difference in the DMS→SO2 conversion efficiency between runs with and without halogen chemistry is even higher than under cloud-free conditions and especially low under winter conditions because of the uptake
of DMS and intermediate products like DMSO and MSIA
by the cloud droplets.
4.2.5

Conclusions

We confirmed the influence of BrO in the oxidation of DMS.
It strongly increases the importance of the addition branch
in the oxidation of DMS even when present at mixing ratios
smaller than 0.5 pmol mol−1 . The general trend is that the
inclusion of halogen chemistry leads to higher DMS oxidation rates and smaller DMS−→SO2 conversion efficiencies.
The DMS−→SO2 conversion efficiency is also drastically
reduced under cloudy conditions due to uptake of the intermediate products in the addition pathway. The presence of
halogens changes the diurnal cycle sulfur species: the destruction of DMS starts earlier and the mixing ratios of the
oxidation products (DMSO, MSIA, MSA, SO2 , and H2 SO4 )
peak earlier when halogen chemistry is included. We also
confirmed the importance of the reaction DMSaq +O3,aq for
the oxidation of DMS under cloudy conditions, especially in
winter.
4.3

Sulfate vs. MSA and aerosol size

Sulfur is present in the particles as S(IV) (sum of SO2 ,
2−
−
HSO−
3 , SO3 , and MSA) and S(VI) (sum of H2 SO4 , HSO4 ,
2−
and SO4 ). In many studies MSA is not included in the definition of S(IV); in the following we refer to the sum of SO2 ,
2−
?
HSO−
3 , and SO3 as S(IV) , which is a very small fraction of
the particulate sulfur and is rapidly oxidized to S(VI). Seawater contains sulfate as well, which gets incorporated into
sea salt aerosols. In order to distinguish between the additional sulfate that is taken up, usually the sea salt fraction of
sulfate is subtracted in measurements (based on the constant
ratios of sulfate and sodium in seawater) and this property is
2−
called non-sea-salt SO2−
4 (nss-SO4 ). We use this term nss−
2−
SO2−
4 to refer to the sum of H2 SO4 , HSO4 , and SO4 not
originating directly from the sea water. In the following sections we will discuss the production of particulate sulfur, and
the MSA to nss-SO2−
4 ratio.
4.3.1

Production of particulate sulfur

In cloudy runs the conversion of the DMS-derived sulfur into
particulate sulfur (MSA and nss-SO2−
4 ) is almost complete.
In the cloud-free runs only 5–15% is taken up by particles,
the rest remains in the gas phase mainly as SO2 and eventually gets deposited. The deposition rates of SO2 in the cloudfree runs are about ten times higher than in the cloudy runs.
Under cloud-free conditions the production of particulate
sulfur is always higher when halogen chemistry is included.
Atmos. Chem. Phys., 4, 589–608, 2004

In the “Luc” scenarios the difference is about 19% whereas
it is 26% in the “Yin” and about 45–48% in the “Kuk” scenarios, respectively. In winter the differences increase to 65–
94%.
In the cloud-free runs 61–93% of the total MSA production occurs in the gas phase in summer and 70–88% in winter,
respectively. If neither of the gas phase reactions MSIA+O3
(tested only for “Luc” scenarios) nor MSIA+OH are included then the contribution of the gas phase to total MSA
production is reduced to about 2% in “Yin”, 10% in “Yin,
winter”, and 5–6% in “Kuk 0%” (both with and without halogens). In the runs with a significant fraction of MSA formation in the gas phase (“Luc”, “Kuk 5%”, and “tropics”) the
production of MSA is higher with halogen chemistry. A large
fraction of the nss-SO2−
4 production takes place in the gas
phase but it is less important in runs with halogen chemistry.
The contribution by HOX (X=Cl, Br) in the sea salt aerosol is
42–51% in summer and 71–75% in winter, respectively, but
it is only about 9% in the run for tropical conditions. Neglecting halogen chemistry reduces the production of nss-SO2−
4 in
all cloud-free runs (except for the “tropics” scenarios were it
remains about the same).
The oxidation of S(IV)? in aerosol particles by O3 is only
important for high pH values. Due to the vertical decrease
in seasalt aerosol pH (see von Glasow and Sander, 2001)
this is the case only at the bottom of the MBL. Most of the
sulfate production via this pathway occurs in the lowest 50–
100 m and is rapidly deposited to the ocean. For the cloudfree model runs the contribution of O3,aq to the total nssSO2−
4 production rate is less than 2% in summer and about
7% in winter. For the runs without halogen chemistry, however, the relative contribution increased to 8–12% in summer
and around 50% in winter. The contribution of HOClaq and
HOBraq is about 42–54% in summer and up to 76% in winter. H2 O2,aq is also an important oxidant in aerosols with
5–10% in halogen runs and 16–22% in runs without halogen
chemistry (but see the “Cape Grim” scenarios with increased
alkalinity below).
In the runs with stratiform clouds the total nss-SO2−
4 production rate is higher for the runs without halogen chemistry.
This can mainly be explained by greater concentrations of
S(IV)? due to a greater importance of the DMS - abstraction pathway. Furthermore higher ozone concentrations in
the gas phase lead to higher OH and H2 O2 concentrations in
both gas and aqueous phase and therefore greater importance
of the reaction H2 O2,aq +S(IV).
Under cloudy conditions S(IV) oxidation by O3,aq is of
minor importance due to low pH values of the order of 4–5.
In summer it is less than 1.5% and in winter less than 4%.
As already discussed in von Glasow et al. (2002b) the oxidation of S(IV) by HOClaq and HOBraq contributes significantly to the total nss-SO2−
4 production rate with about 40%.
H2 O2,aq is the most important oxidant with 50–55% in halogen and 86–91% in cloud free runs. The total production of
www.atmos-chem-phys.org/acp/4/589/
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particulate sulfur is higher if halogen chemistry is included
because of the increase in MSA production in these cases.
This is caused by the production of DMSO in the reaction
DMS+BrO and consecutive uptake of DMSO to the particles and oxidation of it in the aqueous phase. More than 98%
of the MSA is produced in the particles via MSIAaq +OHaq ,
mainly (90–97%) in sulfate droplets.
The results were different for the “Cape Grim” scenarios. Due to higher windspeeds the flux of sea salt aerosols
and therefore of alkalinity is greater than in the previously
discussed process study runs and consequently the sea salt
aerosol and sea salt cloud droplet pH values are higher. This
−
is especially true for the “2x HCO−
3 ”, “2.5x HCO3 ”, and
−
“4.5x HCO3 ” runs where we increased the bicarbonate content of each aerosol particle. The pH of sea water is about
8 but due to shrinking and loss of water the pH increases
in sea salt aerosols near the surface to 9 in the “Cape Grim,
summer” run and to 10 in the runs with increased sea salt alkalinity. In sea salt cloud droplets the pH is about 5–5.5 in
the “Cape Grim, summer” run and up to 7.3 in the runs with
enhanced HCO−
3 . Therefore the pH of sea salt droplets but
especially that of aerosols is high enough to make O3,aq an
important oxidant.
In our cloudy model runs the total contribution of O3
to nss-SO2−
4 production increased from 15.9% to 39.2%,
45.5%, and 51.9% in the runs “Cape Grim, summer”, “2x
−
−
HCO−
3 ”, “2.5x HCO3 ”, and “4.5x HCO3 ” respectively. The
2−
total production rate of nss-SO4 , however, increased only
insignificantly among the runs with different HCO−
3 enrichment. This indicates that the oxidation of S(IV)? reached
a saturation point and that merely redistribution among the
different pathways occured. Virtually all nss-SO2−
4 production via O3,aq happened in sea salt particles. The partitioning
between sea salt aerosol and droplets changes with increasing buffer capacity. In the “Cape Grim, summer” scenario
96% of the O3,aq related nss-SO2−
4 production is in sea salt
aerosol and only 3.7% happened in sea salt droplets. The
sea salt aerosol contribution to nss-SO2−
4 production by reaction with O3,aq decreases to 85%, 78.6%, and 70.7% but the
sea salt droplet contribution increases to 15.3%, 20.4%, and
28.9% with increasing HCO−
3 enrichment in the three cases
with increased alkalinity. In all cloudy runs except for those
2−
with enrichment of HCO−
3 the bulk of the nss-SO4 formation happened in sulfate droplets. In the runs with HCO−
3
enrichment this is shifted to sea salt particles and leads to an
−
increase in nss-SO2−
4 deposition of 55% in the “2x HCO3 ”
−
run and 70% in the runs with higher HCO3 enrichment. This
is caused by the shorter lifetime of relatively large sea salt
particles compared to the longer-lived sulfate particles (remember that we simulate only non-precipitating clouds).
Even though the gas phase halogen chemistry lost signifi2−
cantly in importance due to HCO−
3 enrichment, the nss-SO4
production by HOCl and HOBr still played an important role
with 40.9%, 22.9%, 21.3%, and 17.9% of the total in the runs
www.atmos-chem-phys.org/acp/4/589/
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−
without HCO−
3 enrichment, with 2x, 2.5x, and 4.5x HCO3
enrichment, respectively.
Reduced DMS emissions result in a strong decrease in the
production of particulate sulfur in the “Cape Grim, winter”
runs. Due to the absence of significant sources of acidity in
winter the Br− deficit is similar to observations with a maximum of 7% leading to the already mentioned small BrO mixing ratios. But again even small concentrations of HOCl and
HOBr in the droplets lead to a contribution of 22% of these
species to total nss-SO2−
4 production.
In the cloud-free “Cape Grim, summer” run the nss-SO2−
4
production rate increases from 23.3 mol m−3 d−1 in the run
without enrichment of alkalinity to 31.7 mol m−3 d−1 in the
−3 d−1
“2.5x HCO−
3 ” run but it decreases again to 30.9 mol m
−
in the “4.5x HCO3 ” run. This is due to a reduction in the
oxidation of DMS caused by less BrO and therefore less precursors for particulate sulfur. The fraction of oxidized DMS
that ends up in particles, however, increases from 39% to
62% and 64% in the three runs it therefore does not show
the saturation effect that we observed in the cloudy “Cape
Grim” runs. This fraction is also significantly higher than in
the other cloud-free runs that we discussed. The deposition
of sulfate increased by 61% and 72% in the runs with 2.5×
and 4.5× more HCO−
3 , respectively, compared to the base
“Cape Grim” run.
The aqueous phase reaction of MSA with OH (forming
sulfate) is unimportant both as sink for MSA and as source
of nss-SO2−
4 in cloud-free runs except for the “tropics” scenario where it accounts for 0.2% and 4.4% of the total nssSO2−
4 production with and without halogens, respectively.
In cloudy runs, however, it contributes about 8–10% in nohalogen runs and 11–15% in halogen runs to the total oxidation rate but in our “Cape Grim, winter” scenarios the contribution is 27% and 10%, for runs with and without halogen
chemistry, respectively. These rates indicate that the reaction
MSAaq +OH is a major contributor to nss-SO2−
4 production
in the cloudy MBL. In our “Cape Grim, summer” cases it
contributed only 2–3%.

4.3.2

MSA:nss-SO2−
4

In field campaigns often the ratio of MSA to nss-SO2−
4
is measured in aerosol particles. The MSA to nss-SO2−
4
ratio is dependent not only on processes occuring during a certain time period that is being studied but also
on the particle history. In the field these effects cannot
be separated but in a model they can. In the model we
initialized our sulfate aerosol without MSA and therefore
have small absolute MSA to nss-SO2−
ratios even after
4
strong uptake of MSA. To avoid this problem we discuss
the ratios of the production of MSA to the production
2−
of nss-SO2−
4 , P(MSA):P(nss-SO4 ), using the rates of
2−
MSA and nss-SO4 production within the particles including uptake from the gas phase. Especially in the
Atmos. Chem. Phys., 4, 589–608, 2004
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sulfate particles this changes the ratios drastically. To
illustrate this we list two examples from the “Kuk 5%”
scenarios for sulfate aerosol:
cloud-free MSA:nss2−
SO2−
=0.013,
P(MSA):P(nss-SO
cloudy:
4
4 )=0.331;
2−
MSA:nss-SO2−
=0.089,
P(MSA):P(nss-SO
)=0.472.
4
4
The P(MSA) to P(nss-SO2−
4 ) ratios are only then the same
quantities as measured in the field when the ocean was the
only source for sulfur and when no significant collisioncoalescence of particles with different origin occured. If part
of the aerosol population has been advected from the continent with pollution source for sulfate, the MSA to nss-SO2−
4
ratio is smaller. Therefore one might expect that the modeled ratios are higher than the measured ones except for very
clean regions without any advection of pollution. Values for
P(MSA):P(nss-SO2−
4 ) are listed in Table 5.
Measured MSA to nss-SO2−
4 ratios span a wide range depending on the importance of pollution, which decreases the
value, and latitude: generally higher values are measured at
higher latitudes. Reported values of MSA:nss-SO2−
4 are between 0.002 (Kouvarakis and Mihalopoulos, 2002) and 0.44
(Sciare et al., 2001).
In the model runs most of the nss-SO2−
4 and MSA are
in the sulfate particles which is qualitatively confirmed by
Saltzman et al. (1986) who found that most of these species
can be found in small particles.
The P(MSA) to P(nss-SO2−
4 ) ratio is reduced in sea salt
particles in all cloud-free runs when halogen chemistry is included, indicating that in these cases the increase in MSA
production is less important than increase due to production
of nss-SO2−
4 in the particles.
For the sulfate aerosols in the cloud-free runs the ratios are
very similar in halogen and no-halogen runs for the “Yin”
and the “Kuk 0%” scenarios but the ratio is higher in the
halogen runs for the other scenarios. This is caused by the
high fraction of MSA being produced in the aerosols of about
33% and 45% in “Yin” and the “Kuk 0%”, respectively and
very little uptake of MSA from the gas phase.
Neglecting halogen chemistry reduces the P(MSA) to
P(nss-SO2−
4 ) ratio in the droplets under cloudy conditions,
indicating that in these cases the increase in MSA production is more important than increase due to production of
nss-SO2−
4 in the particles.
4.3.3

Seasonal variation of MSA:nss-SO2−
4 at Cape Grim

For temperatures approximately below 8◦ C the addition reaction of OH with DMS becomes faster than abstraction. This
implies higher yields of MSIA which is either taken up by
particles and reacts to MSA or reacts in the gas phase to MSA
and/or produces CH3 SO2 which reacts to CH3 SO3 . Under
cold conditions the formation of MSA from CH3 SO3 is more
important so the general expectation is that MSA:nss-SO2−
4
is higher in winter than in summer.
Atmos. Chem. Phys., 4, 589–608, 2004

The field data of Ayers et al. (1991) and Andreae et al.
(1999) from Cape Grim, Tasmania, show higher DMS, particulate MSA, and nss-SO2−
4 in summer than in winter but
also a peak of the MSA to nss-SO2−
4 ratio in summer. This
implies that other processes than just the previously mentioned temperature dependence must play a role or that
the assumption of MSA production only from the reaction
CH3 SO3 +HO2 (see e.g. Yin et al. (1990) mechanism) is
wrong.
Ayers et al. (1996) compared field data with a photochemical model that uses a chemical mechanism which is
mainly based on Yin et al. (1990), assuming that MSA is
only formed in the abstraction pathway. To fit their model to
data observed at Cape Grim, however, they have to assume
a very high rate coefficient for the thermal decomposition of
CH3 SO3 (k=1.1×1017 exp(−12057/T )).
Andreae et al. (1999) proposed that SO2 sources other than
the oxidation of DMS play a role in the seasonal variation of
MSA:nss-SO2−
4 . Another possibility is to assume that MSA
formation is also occuring in the addition pathway. Koga
and Tanaka (1996) assume that MSA is predominantly produced in the addition pathway via assumed reactions of the
DMS−OH adduct. They pointed to the importance of the
DMS+NO3 reaction that according to their box-model runs
explained the difference between winter and summer. In their
model the reaction DMS+NO3 is the main sink for NO3 and
a smaller ocean-flux of DMS in winter implies a smaller sink
for NO3 . This results in NO3 concentrations that are a factor
of 4–5 higher in winter than in summer. They calculate a reduction in OH concentrations of a factor of 8 from summer
to winter. The net result is a decrease in MSA:nss-SO2−
4 in
winter compared to summer.
A greater importance of halogens in summer than in winter would be an additional explanation for higher MSA:nssSO2−
4 in summer than in winter if clouds are present and/or if
MSA is produced in the gas phase from MSIA (see numbers
in Table 5). This idea is supported by the measurements of
Ayers et al. (1999) who showed that at Cape Grim, the loss
of bromine from sea salt aerosol was strongest in summer.
4.3.4

Conclusions

In cloud-free model runs between 5 and 15% of the oxidized
DMS reacts further to particulate sulfur, in cloudy runs this
fraction is almost 100%. In general more particulate sulfur
is formed when halogen chemistry is included. If HCO−
3 enrichment is prescribed in sea salt aerosol the sea salt aerosol
and cloud droplet pH values are high enough to make the
reaction of S(IV)? with O3 dominant. It leads to a shift
from MSA to nss-SO2−
4 production but increases the total
nss-SO2−
only
slightly
because almost all available sulfur is
4
already oxidized to particulate sulfur in the base scenario. It
would also increase sulfate deposition by 55–70%. High enrichments of HCO−
3 in fresh sea salt lead to bromide deficits
in the aerosol that are too small and sea salt aerosol pH values
www.atmos-chem-phys.org/acp/4/589/
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that are too high compared to measurements, so that additional acidity sources would have to be active if these enrichments were widespread over the oceans. Without increased
alkalinity the gas phase mixing ratios of BrO are too high
which could be due to neglecting reactions with organic compounds that can sequester bromine.
Including halogen chemistry leads to greater formation
rates of particulate sulfur under most conditions. HOCl and
HOBr are important for the oxidation of S(IV)? in particles
even when the gas phase halogen concentrations and bromide
release from the sea salt aerosol are small.
We found the reaction MSAaq +OHaq to contribute about
10–15% to the production of nss-SO2−
4 in clouds. It is unimportant for cloud-free model runs.
An additional explanation for the higher MSA:nss-SO2−
4
ratio in aerosols at Cape Grim in summer than winter (contrary to what is expected from the temperature dependence
of the involved reactions) might be the greater influence of
halogens in summer in the production of MSA.
4.4

Diurnal variation of Br−

Our “generic” cloud-free model runs (e.g. “Kuk, 5%”) have
a small Br− to Na+ ratio in the sea salt aerosol or in other
words a very high bromine deficit, implying that most of the
bromine is in the gas phase. Then the diurnal variation of
sea salt Br− is mainly determined by exchange processes between particulate phases and the gas phase and Br− shows a
peak during day and a minimum during night (see also von
Glasow et al., 2002a). Under conditions when the multiphase
catalytic cycles are not as efficient as in the base scenario due
to lower gas phase acidity, lower gas phase O3 , and/or higher
temperature, then the additional bromide from the emission
of fresh sea salt is not as rapidly released and accumulates
over night in the sea salt aerosol and is depleted during day.
This leads to a reversed diurnal variation in sea salt aerosol
Br− and bromide deficit as is the case in the “tropics” and
“Cape Grim” scenarios. Figure 7 shows the Br− loss for the
“Kuk, 5%” and the “tropics” scenarios.
This is in accordance with field studies (Rancher and Kritz,
1980; Sander et al., 2003; Pszenny et al., 2004) that found
under conditions with bromine deficits of less than 90% that
sea salt Br− has a maximum in the early morning and is being
depleted during the day.
In von Glasow et al. (2002b) we showed that the presence
of a stratiform cloud also changes the diurnal variation of the
Br− concentration and brings it into accordance with measurements.

5 Final conclusions and climate relevance
We show that halogens play an important role in the cycle of
sulfur in the atmosphere. BrO increases the oxidation rate of
DMS even if it is present in small concentrations and HOCl
www.atmos-chem-phys.org/acp/4/589/
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Fig. 7. Temporal evolution of the bromide loss in 50 m altitude in
the sea salt aerosol for the cloud-free scenarios “kuk, 5%” (solid
line) and “tropics” (dashed line). Shown is the ratio of Br− :Na+ in
sea salt aerosol compared to the same ratio in sea water (enrichment
factor).

and HOBr increase the oxidation of S(IV)? even if gas phase
halogen concentrations are very small (below the detection
limit of current instruments). In most cases the presence of
halogens leads to an increase of the production rate of particulate sulfur.
Under cloud-free conditions the products of the reaction
MSIA+OH are important to estimate the final products of
DMS addition. If MSA is formed in this reaction – even
with a very small yield of 5% – then most MSA is being
formed in the gas phase, if the yield if 0 %, then most of the
MSA is formed in the aerosol phase. If no MSA is formed
in the gas phase then more SO2 , a precursor for new particle
formation, is formed through the addition pathway. Here,
important uncertainties still exist.
Under cloudy conditions the uptake of DMSO and MSIA
to droplets results in a contribution of the gas phase to the
total formation rate of MSA of only about 2%. The aqueous phase reaction MSIA+OH is the main source for total
MSA when gas phase production of MSA is unimportant. In
clouds especially during winter the aqueous phase reaction
DMS+O3 contributes 4–18% to total DMS oxidation.
The reaction MSAaq +OH contributes about 10% to the
production of nss-SO2−
4 in clouds. It is unimportant for
cloud-free model runs. Sulfate production by HOClaq and
HOBraq is important in cloud droplets even for small Br−
deficits and related small gas phase halogen concentrations.
We want to propose the following topics for future research to further our understanding of this fascinating and
important field: i) the exact product yield of the gas phase
reaction MSIA+OH, ii) the relative importance of the addition and the abstraction pathway in the oxidation of DMS,
Atmos. Chem. Phys., 4, 589–608, 2004
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e.g. by measuring DMSO and MSIA in the gas phase, iii)
the source of gas phase MSA under different conditions, iv)
the diurnal variation of DMS, DMSO, MSIA which might be
helpful to check if BrO was relevant as oxidant for DMS, v)
more measurements of sea salt aerosol pH to test if HCO−
3
enrichment might be a widespread phenomena and to find
out where acidity-induced halogen activation is occuring.
Potential anthropogenic impacts on the DMS cycle that
should be considered in future studies as well are first a
possible increase in OH concentrations over the Southern
Ocean. This is caused by the decrease of the stratospheric
ozone layer due to the anthropogenically released CFC gases
resulting in increased ultraviolett radiation, especially in
spring and summer in high southern latitudes. Furthermore
industrial emissions of inorganic bromine could contribute to
tropospheric bromine and therefore increase the effects discussed in this paper.
So far we mentioned only the effects of chemical reactions on the production of particulate sulfur and the precursors of new particle formation that lead to less but bigger aerosol particles. These effects combined would lead
to a reduction of cloud albedo, which is often refered to as
“first indirect aerosol effect”. Fewer and bigger aerosol particles also lead to another effect: a more efficient initiation of
collision-coalescence processes among droplets which is the
main precipitation formation mechanism in warm (i.e. icefree) clouds. This would cause an increase of the wash-out
of particles and reduce cloud lifetime thereby even further
reducing the cloud aldedo. The cloud lifetime effect is often
refered to as “second indirect effect”.
Note that all these chemistry – cloud links lead to a reduction of cloud albedo as opposed to the anthropogenic indirect
aerosol effect which results in an increase in cloud albedo
(e.g. Intergovernmental Panel on Climate Change, 2001).
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