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Abstract. A numerical experiment has been conducted on the OH-initiated tropospheric oxidation of 
DMS. This involved the selection of a set of reactions describing the OH-initiated oxidation kinetics 
and the conversion of the present level of uncertainty of the system into uncertainty ranges and distri- 
butions for the relevant system parameters (kinetic constants and initial concentrations). Uncertainties 
have been propagated through the model onto the output variables of interest. This has allowed (a) 
the uncertainty in model prediction to be quantified and compared with observations (uncertainty 
analysis) and (b) the relative importance of each input parameter in determining the output uncertain- 
ty to be quantified (sensitivity analysis). Output considered were the ratio of MSA/(SO2 + H2SO4) 
concentration at a given time, the ratio SO2/H2SO4, the total peroxynitrate species concentrations 
and the relative fraction of SO2 and H2SO4 formed through the various pathways. Conditional upon 
the model and data assumptions underlying the experiment, the following main conclusions were 
drawn: 

(1) The possibility of direct formation of SO3 without SO2 as intermediate as suggested by Bandy 
et al. (1992) and Yin et al. (1990), involving direct thermal decomposition of CH3SO3 • does 
not seem to play a major role in the overall generation of sulphate. This is relevant to the issue 
of gas to particle conversion over remote areas. 

(2) Reaction of CH3SOO • intermediate may be the most important pathway to the formation of 
SO2. 

(3) The dominating peroxynitrate is CH3S(O)202NO2. 

Through sensitivity analysis the kinetic constants have been identified which - because of their 
uncertainty and of their impact on the output - mostly contribute to the output uncertainty. 

Key words: Dimethyl sulphide, sulphur dioxide, methane sulphonic acid, non sea-salt sulphate, air, 
chemical kinetics, uncertainty analysis, sensitivity analysis. 

1. Introduction 

In recent years a copious literature has addressed aspects of  the sulphur cycle 

because of  its hypothesised climatic role. Biogenic plus anthropogenic sulphur 

components  of  this cycle could in fact counteract the anthropogenic forcing due 

to the greenhouse gases (Shaw, 1983; Charlson et al., 1987; Bates et al., 1987; 

Schwartz, 1988; Wigley, 1989). Recent assessment of  the strength of  the effect can 
be found in Foley et al. (1991), Charlson et al. (1991, 1992), Kiehl and Briegleb 
(1993), Langner  et al. (1992), Lelieveld and Heintzenberg (1992). 
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Dimethyl sulphide (DMS; CH3SCH3) plays a crucial role in the formation of 
climatically active aerosols. DMS originates from the ocean biota, and is oxidized 
by reactions with OH and NO3 radicals to form a number of sulphur-containing 
molecules, sulphur dioxide, sulphuric acid and methane sulphonic acid (MSA; 
CH3SO3H; Hatakeyama et al., 1985; Yin et al., 1990; Jensen et al., 1992). The 
strength of the biogenic sulphur gas flux (ocean plus land) could be comparable 
in magnitude to the total anthropogenic flux of SO2 (Andreae, 1983; Spirt et aL, 
1992). The strong hemispheric asymmetry of the anthropogenic sulphur, makes the 
biogenic sulphur flux to equate the anthropogenic one in the southern hemisphere. 
Most of the sulphur dioxide is believed to be oxidized in the aqueous phase, 
with only a minor fraction of the sulphuric acid being formed through gas-phase 
oxidation (Lelieveld and Hentzenberg, 1992). Sulphuric acid and-  to a lesser extent 
- MSA are known to be efficient in forming new aerosol particles, which in turn can 
act as Cloud Condensation Nuclei (CCN). The postulated feed-back mechanism 
between DMS and climate involves a positive influence of insolation on the DMS 
production (Foley et al., 1991), and a negative forcing of sulphur on the amount 
of solar radiation reaching earth due to light scattering by aerosol (direct effect) 
and by increased cloud-scattering efficiency due to the larger CCN populations 
(indirect effect). The strength of this negative forcing is presently debated, with 
recent assessments (Kiehl et al., 1993; Langner etal . ,  1992; Lelieveld e taL ,  1992) 
tending to lower initial estimates by Charlson (1991, 1992). A number of relevant 
papers can also be found in the proceedings of a workshop on 'DMS: oceans, 
atmosphere and climate', held in 1993 in Belgirate (I), (Restelli and Angeletti, 
1993). 

DMS chemistry is an important part of the picture, which is covered by an 
abundant literature (see reviews by Yin et al., 1990b; Tyndall and Ravishankara, 
1991; Tumipseed and Ravishankara, 1993). The present article concentrates on 
gas-phase DMS kinetics, and investigates the OH-initiated tropospheric oxidation 
of DMS in the gas phase. Alternative pathways for DMS oxidation such as reactions 
with NO3, are not addressed here. Also neglected is the heterogeneous (aqueous 
phase) SO2 oxidation kinetics. Special attention is devoted to the possibility of 
direct formation of SO3 without SO2 as intermediate (Yin et al., 1990), an aspect 
of considerable importance especially after the speculations of Lin and Chamei- 
des, (1993) and the field measurements of Bandy et al. (1992). This would involve 
thermal decomposition of CH3SO3 ° and has been hypothesised as a possible expla- 
nation of the discrepancy between non-sea-salt (nss) sulphate concentrations over 
remote areas and that computed based on DMS oxidation kinetics involving SO2 
as intermediate. 

A kinetic model of the tropospheric oxidation of DMS comprehending 354 
reactions was developed and evaluated by Yin et al. (1990), where the values of 
most rate constants of reactions involving sulphur-species were estimated but not 
based on direct experimental measurements. 
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A more recent numerical model study of the oxidation of DMS in the marine 
troposphere was performed by Koga and Tanaka (1993) where the treatment of 
the sulphur chemistry is that of Lin et al., apart from the assumed pathways to 
formation of MSA. 

We feel that the studies performed in the latest years in the laboratory as well 
as in the field have provided so much new information and new focus on certain 
aspects of DMS chemistry that another modelling exercise should be made. We have 
chosen a somewhat more simplifying approach to the development of the reaction 
scheme, including only the reactions that, according to our present knowledge, may 
be of significant importance and representing only the sulphur chemistry explicitly 
in the model. 

Given the large uncertainties in the parameters governing DMS oxidation kinet- 
ics, an uncertainty propagation analysis is performed to investigate the different 
oxidation pathways. The imprecise knowledge of the various reactions and of 
their relative weights is reduced to uncertainty ranges for the relevant model input 
parameters. Finally the model, encoded in a computer programme, is run in a Monte 
Carlo fashion propagating the uncertainty in the input parameters onto the output 
variables. This allows: 

(1) The uncertainty in model prediction (e.g. ratio of MSA/(SO2 + H2SO4) con- 
centration at a given time) to be quantified and 

(2) The relative importance of each input parameter in determining (1) above to 
be quantified. 

In the literature this type of investigtions are described as uncertainty analysis and 
sensitivity analysis (UA, SA). For a review of current methods and practices in 
UA/SA see HeRon (1993). As far as sensitivity analysis is concerned the techniques 
available in the literature can be divided into two broad classes: the local sensitivity 
methods and the global sensitivity ones. For reasons discussed in Section 3 only 
global sensitivity techniques are used here. 

The present study can be seen as a numerical experiment meant to identify 
crucial areas in the input parameters' space; this could help in focusing experi- 
mental research on those reactions pointed out as main contributors to the total 
uncertainty. 

The limitations of the present work are mainly related to the fact that certain 
mechanistic aspects of the chemistry of DMS are so poorly understood that the 
error bars associated with the rate constants involved are almost arbitrary. Fur- 
thermore the results are conditional on the reaction scheme assumed and on the 
uncertainty ranges assigned. On the other hand this approach allows the experi- 
mental knowledge to be compared with weighted averages of the output quantities, 
which facilitates the highlighting of possible model and data inadequacies. Finally 
the model used here considers only part of the complex picture of the DMS oxi- 
dation. E.g, the potentially relevant reactions of intermediates with HO2 or RO2 
radicals have not been addressed because of the complexity and the substantial 
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lack of knowledge of such reactions, involving sulphur species. The non-inclusion 
of the heterogeneous chemistry and dry deposition, by far the largest sinks for SO2 
molecules, will also be kept in mind in the discussion of the results. 

It may give some confidence in the validity of the model that the calculated ratio 
between MSA and SO2 ÷ H2SO4 (between 5 and 9%) is in reasonable agreement 
with field observations of MSA to non-sea-salt-sulphate ratios. The analysis gives 
some hints to which kinetic parameters it would be most relevant to determine 
more accurately in order to understand the pathways leading to formation of SO2, 
H2SO4 and MSA under ambient conditions. In the case of SO2 it is found that the 
reactions of the CH3SOO • radical may be the most important source. In the case 
of the ratio MSA to SO2 ÷ H2SO4 and the ratio between the indirect (i.e. via SO2) 
and the direct pathway to formation of H2SO4, the key uncertainties are found to be 
on the rate constant of a reaction leading to the CH3SO3 • radical and the reactions 
of this radical to form either SO3 or MSA. The notion of dissociation of CH3SO3 ° 
being a major source of H2SO4 in the marine troposphere (Bandy et al., 1992) is 
not realistic according to the present analysis which predicts a yield of SO3 of less 
than 2% of that of SO2, thus contributing only marginally to the overall formation 
of sulphate. 

2. Reaction Mechanism 

2.1. REACTIONS OF CH3SCH 3 (DMS) AND CH3S "(OH)CH3 

Although the main sulphur containing products of the oxidation of DMS have been 
identified in laboratory chamber experiments as SO2 and H2SO4 with CH3SO3H 
and apparently also CH3 S(O)CH3 and CH3 S(O)2CH3 (Barnes et al., 1988) as minor 
products, there are still very serious gaps in our understanding of the pathways 
leading to the formation of these products. Thus it is not well understood exactly 
how MSA is formed and how the yield is influenced by physical and chemical 
environmental parameters. 

A maybe even more important uncertainty regards how much H2SO4 is formed 
via the oxidation of SO2 and how much may be formed directly from DMS without 
SO2 as an intermediate (Bandy et al., 1992). 

The reactions that have been included in the present kinetic model simulating 
the oxidation of DMS initiated by OH radicals in ambient air are given in Figure 1. 
Table I indicates the selected ranges for the model parameters. In the following 
the reactions shall be referred to by the subscript number of the kinetic constant 
involved, i.e. Reaction (23) is (Figure 1) 

CH3SO" k23, CH3SO3H (2.1) 

Far from all elementary reactions have been included in this scheme; when possible, 
reactions involving several steps have been condensed into one equation. As this 
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exercise is focused on the sulphur-containing reaction products, other products are 
not considered. 

While the rate constant of the direct abstraction pathway (1) is well-established, 
the importance of the addition pathway is more uncertain; the value of k2 used in 
this study is based on the work of Hynes et al. (1986). We find that the radical 
formed by the initial H-abstraction (CH3SCH2 °) is most likely to react further 
to form CH3S ", e.g. by elimination of CH20 from CH3SCH20 ° as suggested by 
Turnipseed and Ravishankara (1993). 

The fate of the DMS-OH adduct is more uncertain. It is believed (Turnipseed and 
Ravishankara, 1993) to react with O2 to form products which can be CH3S(O)2CH3 
(as observed by Barnes et al., 1988), most probably formed by oxidation of initially 
formed dimethyl sulphoxide: 

CH3S "(OH)CH 3 + 02 ---+ CH3S(O)CH 3, (2.2) 

or, alternatively, go through cleavage of the C-S-bond, e.g. to form CH3SO ° as 
assumed here. Dimethyl sulphoxide has in fact been observed at ppt levels in 
marine atmosphere conditions (Berresheim et al., 1993). 

Some pathways, included in the reaction scheme proposed by Koga and Tanaka 
(1993), which lead from the DMS-OH adduct to MSA through other intermediates 
than those discussed here, have not been included in the present model because of 
lack of experimental evidence for their existence. 

2.2. REACTIONS OF CH3S °, CH3SOO °, CH3SO ° AND CH3SO2 ° 

The CH3S ° radical is clearly a key intermedite in the oxidation of DMS. Its reaction 
with O2 was found to be slow (Tyndall and Ravishankara, 1989), but a more recent 
study (Turnipseed et al., 1992) has demonstrated that there is a rapid equilibrium 
between CH3S ° and CH3SOO • (Reaction (7), (-7)). 

At typical atmospheric conditions the concentrations of CH3S ° and CH3SOO ° 
should be approximately equal (Turnipseed et al., 1993), so reactions of CH3SOO ° 
are potentially important steps in the oxidation of DMS. In the reaction scheme 
we have included the reaction with NO (Reaction 9), NO2 (Reaction 28) and 03 
(Reaction 29). The rate constants found at low temperatures by Turnipseed et 
al. (1993) have been applied. In the case of Reaction (9) and Reaction (28) the 
temperature dependence was found to be weak so that the use of a value determined 
at low-temperature can be justified; in the case of the reaction with O3 there is no 
indication of the temperature-dependence and the value of k29 at 227 K has been 
selected because no better approximation to the true value at 298 K is available; we 
have applied the upper limit determined at 227 K assuming that the rate constant is 
independent of temperature. The products of these reactions in the reaction scheme 
in the model have not been identified by direct measurements but are those expected 
by analogies to similar reactions. 
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TABLE I. Input data for the 'Polluted' environment test case 

Symbol Source: Units Distribution Value 1 Value 2 

hi De More et al., 1992 cm3/mol/s NORMAL 9.800E-13 4.900E-12 

k2 Hynes etal., 1986 cm3/mol/s UNIFORM 6.000E-13 1.800E-12 

k 3 Barnes et al., 1988, 1/s UNIFORM 2.500E-01 7.500E-01 

Hynes et al., 1992 

quoted after 

Turnipseed and 

Ravishankara, 1993) 

h5 De More et aL, 1992 cm3/mol/s NORMAL 1 . 6 8 0 E - 1 1  5.600E-11 

k6 De More et al., 1992 cm3/mol/s NORMAL 1.620E-12 5.400E-12 

k 7 / k _  7 Turnipseed et al., cm3/mol UNIFORM 2.500E-19 9.700E-19 

1992 

k8 Turnipseed and 1/s UNIFORM 0 . 0 0 0 E + 0 0  1.000E+01 

Ravishankara, 1993 

k 9 Turnipseed etal., cm3/mol/s NORMAL 4.400E-12 1.110E-11 

1993 

klo De More et al., 1992 cm3/mol/s UNIFORM 0 . 0 0 0 E + 0 0  6.000E-13 

k12 De More et al., 1992 cm3/mol/s NORMAL 3.600E-12 1.200E-11 

k13 see Chapter 2 cm3/mogs UNIFORM 0 . 0 0 0 E + 0 0  1.700E-11 

k14 Yin et aL, 1 9 9 0 b  cm3/mol/s LOGUNIFORM 7.700E-19 7.700EM7 

k_ 14 Yin et aL, 1990b l/s LOGUNIFORM 1.700E+01 1.700E+03 

k15 De More et al., 1992 cm3/mol/s LOGNORMAL 5.000E~)l -1.123E+01 

(by analogy to PAN) 

k-15 Jensen and Hjorth, 1/s LOGNORMAL 5.000E-01 -1.951E+00 

1994 

k16 De More et aL, 1992 cm3/mol/s LOGNORMAL 5.000E-01 -1.062E+01 

(by analogy to PAN) 

k17 De More et al., 1992 cm3/mol/s LOGNORMAL 5.000E-01 -1.092E+01 

(by analogy to kl2) 

k18 (by analogy to hi0 cm3/mol]s  LOGNORMAL 5.000E-01 -1.222E+01 

hi9 Yin et aL, 1 9 9 0 b  cm3/moUs  LOGUNIFORM 2.600E-20 2.600E-16 

k_l 9 Yin etal., 1990b 1/s LOGUNIFORM 3.300E-02 3.300E+02 

k20 De More et al., 1992 cm3/mol/s LOGNORMAL 5.000E-01 -1.123E+01 

(by analogy to PAN) 

k-2o Jensen and I/s LOGNORMAL 5.000E-01 -1.951E+00 
Hjorth, 1994 

k21 Good and Thynne, 1/s UNIFORM 2.700E-03 1.000E+01 
1967 and Mellouki 

et al., 1988 

k22 (by analogy to .k21) 1/s UNIFORM 2.700E-03 1.000E+01 
k23 see Chapter 2 1/s UNIFORM 1.000E-02 1.000E+01 

k25 De More et al., 1992 cm3/mol/s CONSTANT 1.000E-12 

k26 De More et al., 1992 cm3/mol/s LOGNORMAL 5.000E-01 -1.062E+01 

(by analogy to PAN) 

k28 De More et al., 1992 cm3/mol/s LOGNORMAL 5.000E-01 -1.130E+01 
(by analogy to PAN) 
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Symbol Source: Units Distribution Value 1 Value 2 

k-28 Jensen and Hjorth, l/s LOGNORMAL 5.000E-01 2.553E-01 
1994 

k29 Turnipseed et aL, cm3/mol/s LOGNORMAL 1.000E+00 -1.21E+01 

1993 
k3o Turnipseed et al., cm3/mogs UNIFORM 0.000E+00 6.000E-18 

1993 

k31 Turnipseed et aL, cm3/mol/s UNIFORM 0.000E+00 6.000E-18 

1993 

[DMS]0 mol/cm 3 CONSTANT 2.6E+09 

[OH]0 mol/cm 3 UNIFORM 0.000E+00 

[NO2]o mol/cm 3 LOGUNIFORM 2.460E+08 

[03]0 mol/cm 3 UNIFORM 2.460E+11 

[02]  0 mol/cm 3 CONSTANT 5.2E+18 

[NO]o mol/cm 3 LOGUN1FORM 5.000E+07 

[H20]o mol/cm 3 CONSTANT 2.5E+17 

[SO2]o mol/cm 3 CONSTANT 0.0 

k4 see k 3 l/s RELATION 1 • -k3  

kll see Chapter 2 cm3/mol/s RELATION 6.0E-13-klo 

[NO2]0, [NO]0 [0] CORRELATION 0,8 

4,000E+06 
2.460E+11 

2.460E+12 

5,000E+t0 

This table has been generated from PREP input and retains some characteristics of the input 
specification syntax. 

Distributions. A variable with distribution UNIFORM varies uniformly between Value 1 and 
Value 2. A variable with distribution LOGUNIFORM varies log-uniformly between Value 1 and 
Value 2. A variable with distribution NORMAL is normally distributed with standard deviation 
Value 1 and mean Value 2. The base 10 logarithm of a variable with distribution LOGNORMAL 
is normally distributed with standard deviation Value 1 and mean Value 2. 

Relations and correlations. 'Relation' variables allow the generation of input variables which are 
function of other sampled variables, e.g. k4 = I - k3 (penultimate line in the table). 'Correlation' 
variables allow different input variables to be correlated. The 0.8 entry (last line of the table) 
means that we wish variables [NO2]0 and [NOl0 to be correlated while preserving their marginal 
distributions. The input for the 'unpolluted' environment test case is identical apart for 
(1) Value 2 100 times lower for both [NOz]o and [NOl0. 
(2) Value 2 reduced by one half for [03]0. 

The rate constants of  the reactions of  CH3S ° with NO2 and with 03 (Reactions 
5 and 6) have been accurately determined and in the case of  the reaction with 
NO2 also the products seem to be well-established. In the case of  the reaction 
with 03 the products are much more uncertain (Turnipseed and Ravishankara, 
1993); the most  likely pathway appears to be formation of  CH3SO ° (analogous to 
the reaction between HS and 03). Domin6 et al. (1992) found only a 15% yield 
of  this product,  but this could well be because of  dissociation of  excited state 
CH3SO ° in the low-pressure system, considering the strongly exothermic reaction 
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(AH = -61  kcal/mole); no other proposed pathways of the reaction seem to be 
important (Turnipseed et al., t993). 

The CH3SO • radical can be oxidized (Reactions 10 and 12) to form CH3SO2 • 
or it may react with 02 to form a peroxyradical (Reaction 14)). Further, we have 
proposed the reactions 

CH3SO • + 03 k~l CH3 ° + SO2 + 02 (2.3) 

CH3SO ° + NO2 k~3 CH3 ° + SO2 + NO (2.4) 

where the CH3SO2.,  formed in an excited state, dissociates before it is collisionally 
deactivated. Some indirect evidence for such a reaction pathway has been reported 
by Jensen etal .  (1992). The limits on kll and k13 can only be rather arbitrarily set. 
A similar kind of pathway is conceivable also in the reactions of the CH3S • radical 
with 03 and NO2. However, the reactions of 03 and NO2 with CH3S • are less 
exothermic than those of CH3SO °. AH's  for Reactions (5) and (6) are -35 and 
-61 kcal/mole respectively while the values for Reactions (12) and (10) are -71 
and -91 kcal/mole, respectively; for this reason the possibility of the dissociation 
of an excited CH3SO ° radical has not been considered in the model. 

In the case of the reaction between CH3SO • and 03, the yield of SO2 could be 
almost unity, as very little is known about the reaction products. The only reaction 
channel that to our knowledge has been quantitatively evaluated is the one leading 
to the regeneration of CH3S ,, accounting for 13 + 6% of the total according to 
Domin6 et al. (1992). Also an estimated 10% yield of CH2SO was observed but 
it was questionable whether this was a primary product of the reaction. Both these 
reactions have been considered as negligible in the present study. 

In the case of the reaction between CHaSO • and NO2 the yield of SO2 could 
not be unity as the oxidation of DMS in the presence of high concentration levels 
of NO2 gives relatively low yields of SO2 (Yin et al., 1990b; Jensen et al., 1992). 
An upper limit of 0.3 x k12 for k13 was then adopted, deduced from reported yields 
of SO2 in laboratory experiments applying high levels of NO2. 

The rate of the thermal dissociation of CH3SO2 • (Reaction 21) is a key problem 
in understanding the oxidation mechanism for DMS in the troposphere as this 
represents the most straightforward pathway to the observed formation of SO2. 
The data presented in literature show strong discrepancies; in an older study (Good 
and Thynne, 1967) it was found that k21 should be rather slow (2.7 x 10 -3 s -1) 
while a newer study (Mellouki et al., 1988) indicated a much higher value (~ 10 -1 
s-l);  both results were based on kinetic analysis of a complex chemical system. 
Very recent results obtained by Barnes et al. (1993) appear to demonstrate that 
Reaction (21) is of negligible importance compared to competing reactions taking 
place in the system. These last results do not necesarily exclude that Reaction (21) 
is as fast as the upper limit of the rate constant established by Mellouki et al., but it 
would be necessary that alternative loss processes for CH3SO2 o, probably initiated 
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by Reaction (19), should be faster at ambient 02 concentrations. In the present 
model we have let k21 vary between the extreme limits given by the two values 
obtained from experimental observations. 

2.3. REACTIONS OF CH3SO 3 ° 

The rate of the thermal decomposition of CH3SO3 ° is not known at all. The 
calculated bond dissociation energies for Reaction (21) and Reaction (22) (Yin et 
al., 1990) are 17.2 and 22 kcal/mole respectively while the dissociation reaction 

CH3SO • k32 CH3 • + SO (2.5) 

is much more endothermic (AH - 50 kcal/mole). For this reason Yin et al. expect 
Reaction (22) to be relatively fast (as they also expect Reaction (21) to be fast) 
and Reaction (32) to be slow. However, the very recent results obtained by Barnes 
(1993) indicate that Reaction (22) is too slow to be of importance compared to H- 
abstraction reactions leading to the formation of MSA, at least under the conditions 
applied in these experiments. Also in this case the choice of the uncertainty limits 
for the rate constant must be somewhat arbitrary; we have applied the same limits 
to k22 as those applied to k21 due to the similarity of the two reactions. 

2.4. REACTIONS INVOLVING SO2 AND H2SO4 

The notion of Reaction (22) being fast is in agreement with the analysis by Bandy 
and coworkers (1992) who find that the predominance of this reaction could explain 
their observations. Although it appears most likely that DMS eventually is oxidized 
to H2SO4 in the marine troposphere, the concentrations of SO2 measured by Bandy 
and coworkers in marine air were lower than what was to be expected if SO2 were 
the main intermediate in the oxidation of DMS. Thus, according to Bandy and 
coworkers, DMS is oxidised to H2SO4 in the marine troposphere but this process 
does not involve formation of SO2. This hypothesis, however, contradicts the 
results of several smog chamber experiments (see e.g. Yin et al., 1990b) where 
SO2 is found to be the main product of the oxidation of DMS in air. 

It is evident that the reactions leading to formation of SO2 and, in turn, to H2SO4 
as well as a possible direct pathway to H2SO4 are very poorly understood and 
consequently the involved rate constants have been attributed large uncertainties 
in the model. 

Considering that there is evidence (Barnes, 1993) that Reaction (21) is slow 
compared to the competing reactions leading to C H 3 S ( O ) 2 0 2  ° and CH3SO3 ", 

alternative pathways to formation of SO2 must be examined. We have proposed 
the dissociation of CH3SOz • in an excited state (Reactions 11 and 13), but other 
pathways must exist because SO2 is formed in high yields by the oxidation of 
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CH3S • also in the absence of NO2, and 03 (Barnes, 1993). This could be the result 
of a reaction of 02 with either CH3S °, leading to other products than CH3SOO °: 

CH3S o+O2 k30 C H 3 - + S O 2  

or with CH3SOO °: 

CH3SOO • + O2 k31 SO 2 _]_ other products. 

(2.6) 

(2.7) 

The upper limit of k30 was estimated by Turnipseed etal .  (1993) as 6 × 10 -18 cm 3 
s -1 molecule -1. The analysis by Tumipseed et al. demonstrates that also k31 must 
be below 6 × 10 -18 cm 3 s -1 molecule - I ,  however with the constraint imposed 
that the sum of k30 and k31 must not exceed 6 x 10 -18 cm 3 s -1 molecule -1. 

Heterogeneous SO2 oxidation is not considered in the present study which is 
focused on homogeneous gas-phase chemistry. The consequences of this assump- 
tion are discussed in Section 4. 

2.5. PEROXYNITRATE INTERMEDIATES 

Three peroxynitrate intermediates are formed in the present reaction scheme: 

CH3SOONO2 
CH3S(O)O2NO2 
CH3S(O)EO2NO2 

The rate constant of Reaction (28) has been determined experimentally (Tumipseed 
et aL, 1993) while those of Reaction (15) and Reaction (20) have been estimated by 
assuming them equal to that of the reaction forming peroxyacetylnitrate (PAN): 

CH3C(O)OO • + NO2(+M) ---+ CH3 (O)OONO 2 (+M) (2.8) 

A relatively stable, PAN-like peroxynitrate intermediate has been observed in 
laboratory experiments on the oxidation of DMS in the presence of NO2 (Barnes 
et al., 1987; Jensen et al., 1991; Jensen et al., 1992) and the thermal dissociation 
rate of this intermediate has been studied over a range of temperatures (Jensen 
and Hjorth, 1995); however, it was not found possible to verify whether the stable 
intermediate observed was CH3S(O)O2NO2 or CH3S(O)202NO2. 

In the present model we have assigned the rate constant found by Jensen and 
Hjorth (1995) to Reaction (-15) as well as Reaction (-20). In the case of the 
thermal dissociation of CH3SOONO2, which can not be resonance-stabilised in a 
way analogous to that of PAN, we have adopted the rate constant for the thermal 
dissociation of CH302NO2 but attributed a large uncertainty to this estimate. We 
have not considered any further reactions of peroxynitrate species apart from 
dissociation. 

It should be noted that the outcome of the present analysis does not fully reflect 
the potenital importance of peroxynitrate intermediates in the troposphere because 
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the stability of these species increases strongly with decreasing temperature, while 
the present study considers only kinetics at 298 K. 

2.6. MODEL ASSUMPTIONS 

Assumptions made for the analysis include: 

(i) The three reactions 

k7 
CH3S • + 02 *~- CH3SOO, 

k-7 

k14 
CH3SO • +O2 ~ CH3S(O)O 2 ° 

k-14 

k19 
CH3SO 2 • + 02 ~ CH3S(O)202 • 

k-19 

(2.9) 

(2.10) 

(2.11) 

have been assumed at the equilibrium i.e. they are considered to be fast compared 
to alternative reaction pathways. 

(ii) The formation of SO3 is not considered explicitly because it is assumed to 
form H2SO4 instantaneously: 

CH3SO3 ..... ~2~ H2SO4 (2.12) 

(iii) The concentration of DMS, OH, NO, NO2, O2, O3, H20 have been assumed 
constant with time, as if those products were not consumed in the reactions. This 
choice has been made because the concentrations of these species are presumably 
controlled by factors not included in the model. Furthermore, the model seems to 
respond almost linearly to variations in these concentrations, because there are no 
interactions among intermediates or reaction products (see discussion in Section 
4.6). 

(iv) In the uncertainty and sensitivity analysis calculations the initial concentra- 
tions of NO, NO2 were correlated; a rank correlation of about 0.6 was obtained 
using a technique described by lman and Conover (1982); this corresponds to the 
0.8 'requested' correlation in Table I. 

(v) As shown in Table I twomain 'cases' (set of simulations) have been considered. 
The first one with the data in Table I and referred to as 'Polluted Environment'. The 
second one named 'Unpolluted Environment' has been generated by lowering by 
two orders of magnitude the upper bounds of the concentrations of NO, NO2, and 
by reducing to one half the upper bound of the concentrations of 03. This choice 
reflects the dramatic difference between NOx concentrations measured in remote 
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two orders of magnitude the upper bounds of the concentrations of NO, NO2, and 
by reducing to one half the upper bound of the concentrations of 03. This choice 
reflects the dramatic difference between NOz concentrations measured in remote 
sites and those measured in the vicinity of anthropogenic sources due to the short 
atmospheric residence times of NOx. 

3. Methods and Tools 

3.1. KIM 

The scheme implemented in KIM (the chemical Kinetics Model of the OH-initiated 
oxidation of DMS in air), is given in Figure 1. Data on the reactions considered 
are given in Table I. KIM solves a system of 28 differential equations. Switches in 
KIM allow the reversible reactions, e.g. 

k7 
CH3S • + 02 ~- CH3SOO • 

k-7 
(3.1) 

to be considered either kinetically (the results then depending on both k7 and k-7)  

or at the equilibrium (the results only depending on the ratio k7/k_7). The input 
data and the relative selected uncertainties are also given in Table I. 

The integration of the equations given in Figure 1 is performed using a Runge 
Kutta 4th order algorithm with adaptive step control. 

3.2. STATISTICAL SUBROUTINES 

KIM, as part of a larger model of the sulphur cycle described in Saltelli et  al. 

(1993b) is embedded into a statistical driver which allows parameters to be input 
in the form of distribution, whereby the analysis of the uncertainties is to a large 
extent automated (Homma and Saltelli, 1991; Saltelli and Homma, 1991). PREP 
(data PRE Processor) generates the input sample for a Monte Carlo simulation. 
Different sampling schemes (random, hypercube, quasirandom, . . .  ) are allowed. 
A pure Monte Carlo sampling scheme was adopted for the present work. Input 
variables can be correlated after Iman and Conover (1982). 

SPOP, (Statistical POst Processor) performs the Uncertainty and Sensitivity 
Anayses (UA, SA) on the output of the model. UA means here all the statistics 
used to assess the uncertainty in the model prediction. These would include the 
computation of the output mean, its standard deviation and the uncertainty bounds 
on the mean value. SA looks instead at which parameters are mostly responsible 
for the output's uncertainty. As shown in the next sections SA is performed with 
correlation-regression based estimators as well as with importance measures. These 
latter investigate the fraction of the output variance accounted for by each input 
parameter. Alternative software is available for SA; many references are given in 
Helton (1993). 
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3.3. THE ANALYSIS 
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The numerical experiment conducted on KIM investigate the relative influence of 
the uncertainties in input data (kinetic constants, initial concentration of DMS, 
OH, NO, . . .  ) on output concentrations and concentration ratios such as for 
MSA/(SO2 +H2SO4) ratio. The validity of such an analysis is conditional upon: (1) 
The correctness of the reaction schemes included in the model (Fig. 1) and (2) The 
likelihood of the uncertainty ranges selected for the input parameters (Table I; an 
example of the impact of changing input distributions is given in Section 4.6). 

In the literature a variety of methods have been employed for sensitivity analysis, 
also in conjunction with chemical kinetics models. A number of local sensitivity 
methods are reviewed in Pandis and Seinfeld (1989). Those techniques aim at (and 
are based on) evaluating the derivative of some output function Yr with respect 
to any of the input variables Xi ' s  at some fixed point in the space of the input 
parameters. A special case is the work of Vajda et al. (1985) where local sensitivities 
are coupled with a principal component analysis. This method enables - among 
other things - the selection of minimal reaction set in complex chemical kinetics 
model, and the investigation of the validity of quasi-steady-state assumptions. 

The local sensitivity approach is practicable when the variation around the 
midpoint of the input variables Xi's is small; in general this allows the y = y(x) 
relationship (where x is the Xi's vector) to be assumed as linear. Furthermore, if 
the variation is the same for all the variables, then the relative importance of the 
input parameters can be determined (Pandis and Seinfeld, 1989). One shortcoming 
of the linear sensitivity approach is that it is unable to assess effectively the impact 
of possible differences in the scales of variation of the Xi 's  (unless the model is 
linear). It has been recognised in the literature since a number of years (Cukier et 
aL, 1973; Iman et al., 1978) that when the model is nonlinear and the various X.i's 
are affected by uncertainties of different orders of magnitude a global sensitivity 
measure should be used. Global SA techniques are discussed by Cukier et al. 
(1978), Iman and Helton (1988), Sobol' (1990), Helton et al. (1991), Saltelli and 
Homma (1992). 

For an example of global SA in the field of chemical kinetics using the Fourier 
Amplitude Sensitivity Test (FAST) see Schaibly and Schuler (1973). An applica- 
tion of global Monte Carlo methods of UA/SA to tropospheric photochemistry is 
given in Thompson and Stewart (1991). Other interesting applications of global 
UA/SA can be found in the review of Helton (1993). Investigations of prediction 
uncertainty and parameters sensitivity in models of environmental impact can be 
found in Wigley (1989); Alcamo and B artnicki (1990). For a comparison of UA/SA 
techniques see also Iman and Helton (1988), Helton et aL (1991), Helton (1993), 
Saltelli and Marivoet (1990), Saltelli and Homma (1992), Saltelli et al. (1993a). 

The SA study presented here is 'global', in the sense that all the parameters 
are varied simultaneously and the sensitivity is measured over the entire range of 
each input parameter using a Monte Carlo approach. Local sensitivity methods 
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would be inappropriate for the present investigation mostly because: (i) The range 
of parameters' variation is large and the model is known to be nonlinear in this 
range and (ii) the object of the study is the absolute influence of a parameter on the 
output and not the relative one. 

One way of performing global SA is by building a regression model for the 
output function. A useful regression scheme is that based on the Standardised 
Regression Coefficients (SRC) or the Standardised Rank Regression Coefficients 
(SRRC). 

The SRC are computed from the least-square regression analysis applied to the 
output of a Monte Carlo simulation. Let y be the vector of the output variables, 
and X the input data matrix. Let Ym be the value of the selected output for the run 
number m, and xmi the value of the input variable i selected for the same run. 
The regression coefficients bi can be computed by least square (Draper and Smith, 
1981), yielding 

K 

Yrn = bo + ~ bixmi +em 
i=1 

with rn = 1, 2, . . .  N (3.2) 

where the ern are the error terms. Once the bi's are computed a regressin model is 
available to compute the output associated with a generic input vector x, ( X 1 , . . . ,  
XK) 

s(Y) - E sRc(Y, Xs(xX   (3.3) 
i=1 

where Y and Xi  are the averages of (Yt . . . .  YN), (xli . . . .  YNi), S are the respec- 
tive standard deviations, 1) is the regression model evaluation and the SRC's are 
computed from the bi's. 

If the regression is effective then the parameters influence can be assessed based 
on the absolute values of the SRC or SRRC's (Iman et al., 1981). These latter are 
simply obtained by replacing both the output variable values Yi and the input vectors 
Xi's by the respective ranks. The advantages of using the SRC's (or SRRC's) rather 
than a simple correlation measure between y and the Xi's (as done in Thompson 
and Stewart, 1991) is that with the SR(R)C's the effectiveness of the regression 
analysis can be quantified. This is done through another statistics, known as the 
model coefficient of determination R 2, which is based on the SR(R)C's and gives 
the percentage of the original data variance which is explained by the regression 
model. The validity of the SRC's as a measure of sensitivity is conditional to the 
degree to which the regression model fits the data, i.e. to R 2. When the value of 

the R 2 coefficient computed on the raw values is low, it is usually worth trying 

the rank equivalent of SRC, i.e. the SRRC. If the new R 2 coefficient (on rank) is 
higher, then the SRRC's can be used for SA. The transformed (ranked) variables 
are used in this work because the R 2 values associated with the SRC's are generally 
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lower than that associated to the SRRC's, especially for non-linear models. In the 
results section both the Ry2's are given, as their difference is a useful indicator of 
the non-linearity of the model. 

Results from the sensitivity analysis based on the SRRC should be interpreted by 
keeping the regression model in mind. If variable Xi is not evidenced as importar~t 
for output variable Yr this does not necessarily imply that Oyr/OXi is small but 
only that according to the regression scheme built with the SRRC's the variation of 
Xi in the range assigned does not produce appreciable effects on Yr, and is hence 
not given an important weight in the regression model itself. This could either be 
due to (a) Failure of the SRRC to build an effective regression (this would flagged 
by R2y) or (b) A small range of variation of Xi or (c) An effectively small Oyr/OXi 
over the entire range of variation of Xi. The results for the SRRC based SA were 
interpreted using hypothesis testing, which allows the probability of an erroneous 
parameter identification to be quantified (Conover, 1980; see note in Table II). 

The SA results obtained with the SRRC's were also verified using an independent 
analysis on a different sample. This was based on a 'measure of importance' S. 
This test is described in the literature under different forms (Hora and Iman, 1986; 
Ishigami and Homma, 1989, 1990; Sobol', 1990; Saltelli et al., 1993a; Homma and 
Saltelli, 1994). The measure of importance is conceptually more powerful that the 
regression based SA, in that it allows the output variance to be broken down into 
contributions due to individual parameters or combination of parameters. To make 
an example, if y(x) is a function of just three parameters, i.e. x -~ (Xl, x2, x3) and 
the total variance of y(x) is D, then D can be in principle decomposed as 

D = D1 + D2 + D3 + D12 + D13 + 1923 + D123 (3.4) 

and S1 = D1/D is the fraction of the total variance due to the parameter X1 
alone averaged over all the parameters, while $12 = D12/D is the fraction of 
variance due to the coupling of parameters X1 and 3/2, again averaged over all 
the parameters and so on. In the results section two sensitivity indices have been 
computed for each variable: the first order term Si and the total effect term ST,i. 
Using again the example above: 

~T,1 : SI -1- S12 + S13 --1- S123 
ST,2 : ~2 + S12 + $23 + S123 
ST,3 ~- S3 + S13 + $23 + S123 

(3.5) 

The computation of the sensitivity indices is detailed in Homma and Saltelli (1994), 
and involves Monte Carlo integration of multidimensional integrals. To make 
an example the first-order term Si - Di/D is estimated from the Monte Carlo 
integrals 

1 N 
Di + y~ .-~ -~ ~ y(u~,x~)y(v~.~,  xi.~) (3.6) 
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1 N 
Z :  y(x ) 

l N 
D - 

(3.7) 

(3.8) 

where again N is the sample size, Xm is the vector of the input variables sampled for 
run number m, D is the estimated variance of y and urn, vm denote two different 
sampled projections of x in the original space reduced of the variable Xi. An 
intuitive explanation of Equation (3.6) could be the following: Di is generated by 
summing products of two output y values, one obtained with all the input variables 
sampled and the other with all the variables re-sampled but the variable Xi. If Xi 
is influential, then high y(Uim, X~m) values will be preferentially associated with 
high y(vi,~, xim) values, and Di will be high. For a less influential 3// the two y 
values will be paired more randomly, and Di will be lower. 

Expressions similar to (3.6) can be derived for the higher order terms and for 
the ST,i. Unfomanately one separate sample (of size N) is needed to compute each 
of the Si and ST,i, 

The 'probable error' on STi, (SSTi) as been estimated following Sobol' (1991) 
and Homma and Saltelli (1994). This is computed in such a way that the true 
(population) value of STi has a 50% chance of falling between the (estimated) 
(STi • 5STi). The value of 5STi has been used to select data for entry in the 
result tables (see also header of Table I/J). Both S~ and the total effect term 
ST,i have been computed on the ranks, and have been indicated as S* and S~,~ 
respectively. As discussed by Homma and Saltelli (1994) there are similarities 
between this approach and the FAST technique. In the same article a discussion of 
the implications of the rank transformation is given. 

4. Analysis of the Results 

General. The regression based sensitivity analysis (SRRC's) has been conducted 
for the two cases (polluted and unpolluted). Results are given for three time points: 
5 rain, 1 h and 24 h. The analysis based on the importance measures (S~, S~i, 
first-order term and global-effect term) was conducted for the polluted case only, 
and the simulations were halted at 1 h. This choice can be justified a posteriori 
on the basis of the relatively small difference between the SA results for 1 h and 
24h. 

Three different output functions have been considered: 

(1) Ratio between CH3SO3H (MSA) and the sum of SO2 plus H2SO4. 
(2) The sum of the nitrogen containing species CH3SOONO2, CH3S(O)O2NO2 

and CH3S(O)202NO2. 
(3) The ratio between SO2 and H2SO4. 
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TABLE III. Output function: MSA/(SO2 + H2SO4). S~, statistics. 
Only those variables are given whose ST value is greater than 
its approximate 'probable error' ~S}. The value of the first order 
term S[ is in parentheses. The score correlation coefficients (SCC) 
between S~. and SRRC are also given 

Variable 5 m; SCC = 0.78 1 h; SCC = 0.86 

k8 0.08 (0.11) 0.07 (0.08) 
k18 0.14 (0.12) 0.14 (0.12) 
k19 0.10 (0.0) 0.12 (0.06) 
k-19 0.14 (0.0) 0.16 (0.03) 
k21 0.17 (0.tl) 0.18 (0.14) 
k2z O. 13 (0.03) O. I4 (0.02) 
k23 0.27 (0.18) 0.27 (0.18) 
[NO]0 0.16 (0.14) 0.15 (0.I0) 
[NO2]o 0.11 (0.0) 0.10 (0.01) 

The choice of investigating MSA/(SO2 + H2SO4) rather than the convention- 
al MSA/nss-H2SO4 compensates for neglecting the heterogeneous chemistry. In 
reality most of the SO2 would be rapidly oxidized by in drop reactions. 

The relative fractions of H2SO4 formed via the SO2 mad SO3 pathways in both 
environments were also looked at, as well as the ratio of SO2 to SO3 concentrations 
as function of time when H2SO4 formation -either by oxidation of SO2 or hydration 
of SO3 - is excluded. One separate case of size 100 was also run in which the 
distribution bounds of variable k23 were  shifted by one order of magnitude. 

The average species concentrations at 24 h are also given (molecules/cm 3, 
Figure 2), together with the average fraction of SO2 formed through the vari- 
ous pathways. It can be observed that: (1) In both scenarios almost half of SO2 
goes through CH3SOO o; one fifth goes through CH3SO2 ° and about the same 
through CH3S °; no more than 15% goes through CH3SO °. (2) The dominating 
peroxinitrate in both conditions is CH3S(O)202NO2. The relative contribution of 
CH3S(O)O2NO2 is larger for the unpolluted case (Fig. 2). CH3SOONO2 amount is 
negligible. (3) The polluted conditions tend to 'pump' more sulphur into the end- 
products, MSA and H2SO4. As SO2 is mostly (90%) generated through reactions 
not involving NOx nor 03, and there is much more SO2 than H2SO4, then the ratio 
MSA to (SO2 -t- H2SO4) increases in the polluted environment. 

The main pathways identified as mostly contributing to the output uncertainty 
are summarised in Figure 1. 

Statistics. The dimension of the sample for the SRRC based SA was one hun- 
dred, i.e. in total KIM has been run 200 times to compute the SRRC's. The base 
sample for S[, S~i was again 100. The total number of simulation was hence 
2 x 100 x (1 + 35) = 7200 (base sample plus one sample per each of the 35 
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Fig. 2. Uncertainty analysis. Average concentrations of species in mol. em 3 (boxes) in 
the unpolluted/polluted scenarios at 24 h. The traction of SO2 formed through the various 
pathways is also given. 

variables; different samples being used for S[, S:~i). For each output variable 
the mean as function of time is given together with the Tchebycheff based 95% 
confidence bounds (Saltelli and Marivoet, 1988). When using SRRC's hypothesis 
testing has been used to select influential variables: sensitivities are given for those 
variables which passed the SRRC test for significance at the 0.05 contengency 
level (Conover, 1980). This means that there is 5% probability that a variable is 
erroneously indicated as influential in the SRRC-based analysis (see also notes on 
Table II). For the S~i-based sensitivity analysis, variables were selected based on 
the probable error on S:~ i (see Table III). 

4.1. OUTPUT CONSIDERED: CONCENTRATION RATIO MSA/(SO2 + H2S04) 

This analysis looks at which pathways enhances the MSA to (SO 2 4- H2S04)  
ratio (Table II). The values of the R 2 on the ranks (between about 0.69 and 0.83) 

indicate a reliable SRRC-based SA. The non-dramatic difference between the R 2 
on the ranks and that on the raw values indicates a model of moderate non-linearity. 

Polluted environment. The ratio is almost constant with time at about 0.1, i.e. 
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in average a 10% of the total oxidized sulphur is found as MSA. Allowance made 
for the uncertainty due to the finite sample size there is a 95% probability that 
the average ratio is in the range ~ 0.04, 0.16 (using the Tchebyceff's confidence 
bounds). The standard deviation of this output variable is about 0.12. Consider- 
ing the large uncertainties in the input data and especially in 03 and NOx the 
uncertainty in the ratio MSA to (SO2 + H2SO4) is mild. 

The reaction rate k23 is the most important parameter for the polluted con- 
ditions, followed by k18 and [NO]o. Ozone is also influential, possibly (but not 
exclusively) because of its association to k18. The negative influence of k21 is also 
easily understood by looking at the reaction scheme (Figure 1). The positive and 
negative influence of the couple k19 and k-19 (respectively) is due to the reaction 
branch which goes through k26 (i.e. k19 enhances the k26 pathway at the expenses 
of the competing k21 pathway, which leads to SO2). The positive correlation of the 
output with [03]0, [NO]o and [NO2]o confirms the remark (3) above. 

S~, S~i-based sensitivity analysis. The results are given in Table III. There is 
a general qualitative agreement between the results in Table II and Table III, i.e. 
the variables identified tend to be the same, but the relative difference among indi- 
vidual S~ values is different - as expected - from that of the SRRC's. In particular 
for this output variable the kinetic constants appear to account for a much larger 
fraction of the output variance than the initial conditions. One third of the variance 
of the system is due to variable k23, either alone or in combination with other 
variables. The influence of [NQ]0 is lower and that of [03]0 disappears. Although 
[O3]0 is influential it does not contribute appreciably to the output variance. This 
is likely because of its limited range of variation in the input (Table I). 

The comparison of the total-effect terms with the first-order ones reveals appre- 
ciable coupling of input parameters. It should always be S~,~ > S~, and it is mostly 
so in spite of the random error (different samples were used to estimate the two 
statistics). The sum of all the first-order terms is about 0.8 for both time points, 
i.e. close enough to one to make the higher-order terms apparently negligible (see 
for instance discussion in Liepman and Stephanopoulos, 1985). Yet, because of 
the large number of variables, and of the large number of potentially non-zero 
Sil . . .  i F, the difference between the total and first-order effect terms is remark- 
able. Variable [NO2]0 for instance seem to have a zero first-order effect, but to have 
an impact on the considered output mostly via coupled terms. Similarly for k19, 
k_ 19. These results seem to encourage the use of the global effect terms. 

Statistics. In Tables III, V and VII the variables are selected based on S ~  and 
its probable error. Value of S~ are given in parentheses. The Score Correlation 
Coefficient (SCC) between S~ and SRRC for each column in Tables III, V, VII are 
also given. The SCC is a measure of the correlation between the prediction of two 
different SA techniques based on the ranking produced by the two techniques for 
the same set of variables (Iman and Helton, 1985; Iman and Conover, 1987). They 
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are useful here to quantify the agreement between the two techniques used in the 
present work. As discussed elsewhere (Saltelli et aL, 1993a) the agreement between 
SRRCand  S* (with S C C  ~ 0.8) can be attributed to the monotonicity of the model. 

Unpolluted environment. The MSA fraction reduces to less than a 5% of the 
total sulphur (see point (3) above). It is understandable that [NO]0 and [NO2]0 
disappear from the list of the influential variables. The relative influence of k18 
is enhanced by the decreased influence of ]~26 and k17. The couple ]Cl9 and k-19 
maintain its relevance due to the competition with k21. 

The ratio between MSA and non-sea-salt-sulphate measured at remote marine 
sites at mid and low latitudes (e.g. Putaud et aI., 1993; Bates et al., 1992; 
Btirgermeister and Georgii, 1991; Salzman et aL, 1986) can give a hint to what 
are the true typical values of the MSA to (SO 2 + H2SO4) ratio by the oxidation 
of DMS in the unpolluted marine troposphere, considering that SO2 is oxidized to 
H2SO4 which, like MSA, will predominantly be found in particles and not in the 
gas phase. 

However, the measured MSA to nss-sulphate ratio does only very roughly reflect 
the initial formation of MSA vs. SO2 and H2SO4 by the oxidation of DMS because 
of the influence of dry and wet deposition. This may be particularly relevant in 
the case of SO2 where about 50% is removed from the atmosphere by deposition 
before forming sulphate, according to Langner and Rodhe (1991). Further, some 
of the MSA will be oxidized to H2SO4 in droplets and wet aerosols and finally 
the contribution of other sources of sulphate than DMS will lower the MSA/nss- 
sulphate ratio in the real troposphere compared to a hypothetical situation with 
DMS as the only source of sulphate. Thus it must be considered a pure coincidence 
that the modelled MSA yield of 4.5% is so close to the measured mean values 
of the MSA/nss-sulphate ratios, e.g. the value of 3.5% found by both Putaud et 
al. (1993) and Bates et al. (1992). However, it can then be stated that there is a 
qualitative agreement with field observations. 

The tendency to a larger formation of MSA (and thus a higher value of the 
ratio under study) in a more polluted atmosphere is in good agreement with the 
observation of some authors (Mihalopoulos et al., 1992) that attribute this to the 
influence of higher NO~ levels which is in agreement with the reaction scheme of 
Figure 1. 

4.2. OUTPUT CONSIDERED: SUM OF 
CH3SOONO2 + CH3S(O)O2NO2 + CH3S(O)202NO2 CONCENTRATIONS 

Results are given in Table IV. The sum of the three species increases with time. 
Values are lower - as expected - for the unpolluted case. R 2 values are above 0.84 
for both the polluted and the unpolluted case, so that the analysis provided by the 
SRRC can be considered as reliable. The uncertainty on the mean values is large. As 
mentioned in Section 2 the rate constants employed in the present study are those 
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TABLE V. Output function: CH3SOONO2 + CH3S(O)OzNO2 + 
CH3S(O)202NO2. S)  and S[ statistics and SCC (see caption of 
Table III) 

Variable 5 min; SCC = 0.89 l h; SCC = 0.90 

k_ J4 0.06 (0.03) 0.06 (0.02) 
k19 0.14 (0.04) 0.14 (0.03) 
k_ 19 0.24 (0.09) 0.25 (0.10) 
k20 0.06 (0.02) 0.06 (0.03) 
k-zo 0.06 O,01) 0.09 (0.04) 
[OH]o 0.10 (0.07) 0.09 (0.06) 
[NO2]o 0.45 (0.34) 0,42 (0.31) 

at 298 K; at lower temperature the peroxynitrate would be significantly more stable. 

Polluted environment. [NO2]o is the most influential variable, followed by the 
couples k19, k-19, k14, k-14 and k20, k-20. This is because there is considerably 
m o r e  C H 3 S ( O ) z O z N O 2  than C H 3 S ( O ) O z N O 2  and C H 3 S O O N O 2  (see point (2) 
above). [OH]0 is influential as it originates all the reaction products (we have not 
seen [OH]0 in the previous analysis as we were looking at a ratio of reaction prod- 
ucts). In spite of the correlation imposed between [NO]0 and [NO2]0 (0.6 on ranks) 
[NO]0 has a negative correlation with the output, probably due to the k26 pathway. 

ST, S*-based sensitivity analysis (Table V). [NO2]0 and parameter combinations 
including [NO2]o account for more than 40% of the total variance. There is again 
a qualitative agreement with the SRRC's results. Comparing S T with S[ also here 
reveals significant coupling for k19, k-19 and [NO2]0. For this latter one third of 
the total effect seems due to the higher order terms. 

Unpolluted environment. The decreased ranges of NO2 and NO result in those 
two variables loosing importance at the expenses of the couple ]~19 and k-19. 

Both in the polluted and in the unpolluted environments the concentration of the 
sum of the peroxynitrates is of the order of 106 molecule/cm 3, i.e. below 1%o of the 
DMS concentration. The contribution of Ctt3SOONO2 is negligible. Differences 
between Table IV and Figure 2 (obtained with different samples) are well within 
the Tchebycheff bounds. 

4.3. OUTPUT CONSIDERED: CONCENTRATIONS RATIO SO2/H2SO4 

The ratio decreases with time in both environments, (from 75 to 8 in the polluted 
case and from 230 to 13 in the unpolluted, Table VI). In general the polluted 
environment results in a quicker oxidation of sulphur. CH3SO3 ° seems to be a 
more important intermediate in the polluted case than in the unpolluted one. 
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TABLE VII. Output function: SO2/H2SO4. S~ and S* statistics 
and SCC (see caption of Table III) 

Variable 5 rain; SCC = 0.78 1 h; SCC = 0.87 

k8 0.07 (0.09) 0.06 (0.08) 
k18 0.07 (0.04) 0.07 (0.04) 
ki9 0.10 (0.03) 0.11 (0.07) 
k-19 0.11 (0.0) 0.13 (0.01) 
k21 0.18 (0.15) 0.18 (0.15) 
k22 0.15 (0.13) 0.16 (0.14) 
k23 O. 10 (0.09) 0.09 (0.09) 
[NOlo 0.16 (0.10) 0.12 (0.07) 
[NO2]o 0.10 (0.05) 0.09 (0.06) 

The increase of SO2 with time will continue until a steady-state level is reached 
where the formation rate balances the loss rate (i.e. reaction 25), according to the 
present reaction scheme. The steady-state concentration can easily be calculated 
based on the previous analysis, e.g. in the unpolluted case, where only the SO2, 
H2SO4,  MSA and CH3SO2CH3 products need to be considered: 

[SO2]steady state ~- (kl  q -0 .5  × k2) x 
0.95 x [DMS] 

k25 
= 532 ppt. 

(The pathway of Reaction 22 to the formation of H2SO4 is considered negligible.) 
The factor 0.95 is introduced because the ratio [MSA]/([MSA] + [SO2] + [H2SO4]) 
is approximately 5%, and k2 is multiplied by 0.5 as k3 and ]¢4 are equal in average. 
This concentration is about an order of magnitude higher than most measured 
values at remote sites (e.g. Putaud et al., 1993; Bandy et al., 1992) which may be 
explained by the existence of heterogeneous loss processes (e.g. on cloud droplets 
and on the sea-surface); in fact such processes are believed to be more efficient 
removal mechanisms for SO2 than the reaction with OH radicals (Langner and 
Rodhe, 1991). However, also the occurrence of reaction pathways in the oxidation 
of DMS not leading to formation of SO2 is compatible with these observations. 

The values of R~ are similar to those of the two previous models. 

Polluted environment. Positive correlation with the kinetic constants directly relat- 
ed to SOa formation k21, k31, Conversely there is a negative correlation with all 
the kinetic constants and concentrations which promote CH3SO3 ° and H2SO4 
formation: k-19, k22, [NO]o. There is a positive influence of k23 as this pathway 
competes with H2SO4 formation, and a negative correlation with the oxidizing 
agents ([NO2]0, [03]o.) which shift the system in Figure 1 toward the formation of 
more CH3SO3 °. For the last time point (t = 24 h) [OH]o becomes a very important 
variable with a negative correlation. This is due to the k25 pathway whose relative 
influence increases with increasing SO2 concentration. 
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S~, S*-basedsensitivity analysis (Table VII). The importance of [NO]0 and [NO2]0 
is confirmed. For [NO2]0 50% of the total effect comes from coupling. Again k19 
and k_ 19 contribute significantly via higher order terms. According to S~ the most 
important variable is k21, rather than k23. 

Unpolluted environment. No qualitative changes in the picture, apart from the 
decreased influence of NO2 and NO already observed in the two previously anal- 
yses. 

4.4. PATHWAYS FOR SO2 AND H2SO4 PRODUCTION 

The parameters influencing the relative importance of a pathway to H2SO 4 not 
involving SO2 as an intermediate (i.e. reaction 22) have been investigated by look- 
ing at the output variable SO2/SO3 in the absence of further reactions of these 
species (i.e. when k25 is set to zero and there is no hydration of SO3). The results 
are given in Table VIII(a) and (b) for the polluted and the unpolluted environment. 
Table VIII(c) gives the SO2 concentrations predicted by the model. Even here slight 
differences with Figure 2 are due to the different sample employed. 

Polluted environment. The parameters whose uncertainties most strongly influence 
the uncertainty on SO2/SO3 are very much the same as those identified by the anal- 
ysis of the [MSA]/([SO2] + [H2SO4]) output, because of the bifurcation between 
formation of MSA and of SO3 is given by the ratio ]C23/]C22. Most important in this 
case is the uncertainty in the value of k23. 

Unpolluted environment. The four most influential k-values highlighted by the 
analysis are the same as in the polluted case but with a somewhat different ranking, 
k18 (the oxidation ofCH3SO2 ° radicals by ozone) becoming the most important. 

In both environments the yield of SO3 is only a small fraction of that of SO2, 
in the unpolluted case even substantially below 1% of SO2. In view of the strong 
interest in the possibility of a direct formation of SO3 from DMS without the SO2 
intermediate (e.g. Bandy et al., 1992; Lin and Chameides, 1993) it is worthwhile 
to look further into which are the conditions that would be needed to make reaction 
22 become a main reaction pathway, particularly in the unpolluted environment. 
Obvio~asly, the k-values that we should consider are those indicated by the statistical 
analysis; thus a fast reaction 18 or 19 or a slow reaction 21 or 23 would favour 
the formation of the SO3 intermediate. However, it should be noted that the bond 
dissociation energy of the CH3SO3 • radical is slightly higher than that of CH3SO2 ° 
(Yin et al., 1990) and thus if k21 is slow then ]~22 would be expected to be even 
slower and thus probably not an important reaction pathway. Thus, to comply with 
the hypothesis of Bandy et al. (1992), a very fast reaction 18 or reaction sequence 
19/26 would be needed to compete efficiently with reaction 21. In this reaction 
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TABLE VIII(a). Average ratio SO2/SO3 as function of time when H2SO4 
formation is excluded (i.e. when k25 is set to zero and there is no hydration 
of SO3). Unpolluted environment. The ranking of the influential variables is 
also summarized in order of decreasing importance (only for variables whose 
ISRRCI >_ 0.25) 

Time Ratio SO2/SO3 Mostly influenced by 

5 min 382.0 k18, k23, k2h k22 
1 h 372.0 k18, k23, k21, k19 

24 h 357,0 k~8, k21, k23, k19 

TABLE VIII(b). Same as Table R.V(a), but for the polluted environment 

Time Ratio SO2/SO3 Mostly influenced by 

5 min 92.3 k23, [NO]0, k31, k22, k18 
1 h 83.3 k23, k19, k31, k21, k22, ki8 

24 h 82.6 k23, k19, k21, klS, k22 

TABLE VIII(c). Total SO2 (mol/cm 3) 

SO2 (mol/cm 3) 
Time UnpoUuted Polluted 

5 min 7.71 • 106 7,04, 106 
1 h 9.36.107 8.53.107 

24 h 2.02.109 1.84, 109 

scheme we have not speculated about other possible reactions of the CH38(0)202 • 

radical leading to formation of  CH3SO3 ° but such reactions may of course take 
place (e.g. reactions with other peroxyradicals). 

4.5. TEMPERATURE DEPENDENCIES 

It is an important limitation of the present analysis that it does not include temper- 
ature dependencies. This is relevant in the case of the peroxynitrate intermediates, 
but it should also be noted that the dissociation rates of the CH3SO2 ° and CH3SO3 ° 
radicals are among the reactions rates that would be expected to have a pronounced 
positive dependence on temperature (as pointed out in the case of ]~22 by Turnipseed 
and Ravishankara, 1993). Thus the influence of these reaction rates, demonstrated 
by the present analysis, is in good agreement with the evidence obtained by field 
measurements of high [MSA]/[H2SO4] ratios in particles in cold (arctic) regions 
(e.g. Berresheim, 1987). 

Also the ratio between addition and H-abstraction in the initial steps of the 
reaction scheme (kl/k2) is temperature-dependent and thus dimethyl sulphone, 
CH3SOzCH3 (and the intermediate dimethyl sulphoxide, CH3S(O)CH3) may be of 
larger importance at lower temperatures. In fact, a recent field study by Berresheim 
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TABLE IX(a). Mean output value for the sample with new ~23 distribution and ratio of this to the 
mean of the original sample (in parentheses) 

Time MSA](SO2 + H2SO4) Peroxynitrates SO2/H2SO4 SO2/803 (when no 
compounds H2SO4 is 

formed) 

5 rain 0.077 (1.97) 7.18 • 10 4 (1.00) 835.0 (3.41 3.13 • 103 (8.19) 

1 h 0.088 (2.00) 1.09. 105 (1.00) 193.0 (2.07) 3.13 • 103 (8.20) 

24 h 0.090 (2.00) 1.10.105 (1.00) 19.7 (1.48) 3.13 • 103 (4.62) 

TABLE IX(b). Three most influential variables (SRRC) for the sample with new k23 distribution 
(above) and for the original sample (below) 

Time MSA/SOz + H2SO4 Peroxynitrates SO2/H2SO4 SO2/803 (when no 
compounds H2SO4 is formed) 

5 rain k18, ]~21, ]~31 ~19,/¢-i9, [OH]o ]~23, ]¢18, ]~22 ]¢23, ]~18, ]~22 
]~18, ~J21, ]~23 /~19, k-19, [OH]o k18, k23, hal klS, k23, k21 

1 h k18, k21, k-19 same as above k18, k23, [OH]o k23, k18, k22 
k18, k21, k-19 k18, k23, k21 k18, k23, k211 

same as above [OH]o, k23, k18 k23, k18, k19 
[OH]o, kls, k21 klS, k21, k23 

24 h same as above 

et al. (1993) indicates that dimethyl sulphone can be the dominant end-product of  
the oxidation of  DMS in the atmosphere. 

4.6. ON THE SENSITIVITY UPON MODEL ASSUMTIONS 

As mentioned in the introduction the results of  the present study are conditional 

upon (a) the correctness of  the reaction scheme adopted and (b) on the uncertainty 
ranges assigned to the input data. While the impact of (a) is difficult to assess, it is 
fairly simple to produce an example of  the impact of (b) based on a test example. 

The reaction constant k23 is probably the most uncertain of  all the rate constants 
in Table I and the range of  values is almost purely based on intuition. The choice of  
values made in the present work could be argued upon by comparing the CH3SO3 ° 
radical to the OH • radical. CH3SO3 ° could be thought to react at least as fast as 
OH ° with most  organic compounds and thus have an atmospheric lifetime similar 
to or shorter than that of  OH. If this is taken as the most realistic estimate, then 
both the lower and the upper limit of  k23 in Table I are too low. 

Another  numerical  experiment  has been then performed in which both limits 
were increased by an order of  magnitude for the unpolluted environment scenario. 
The results are shown in the Table IX. 
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It is seen that the MSA/(SO2 q- H2804) ratio increases to reach a value close to 
10%. The SO3 intermediate is now less than 1/1000 of SO2 because Reaction (23) 
is more efficiently competing with Reaction (22). 

The value of 10% for the MSA/(SO2 + H2SO4) ratio lies close to the maximum 
values of the MSA/nss-sulphate ratio measured in field experiments. Considering 
the factors influencing the MSA/nss-sulphate ratio, discussed in Section 4.1, it 
could be that the highest measured MSA/nss-sulphate ratios most tally reflect the 
initial yields of MSA, S O  s and H2SO4 by the oxidation of DMS and thus this value 
from the model output cannot be rejected as unrealistically high. 

The consequences of the simplifications and omissions made in the model 
should also be considered. In the case of the peroxyradical chemistry, not included 
in the model, the relevant reactions to be considered would have included: 

RO0 ° + HO2 --~ ROOH + 02 (4.1) 

which would lead to formation of hydroperoxide species. In the case of the most 
abundant S-containing peroxyradicat, which according to the results of the present 
model (Figure 2) is CH3S(O)2OO*, the product would be CH3S(O)2OOH. This 
product would easily react subsequently in liquid phase (after sticking to particles 
or cloud droplets) to form MSA. Other ROz-reactions to be expected by analogy 
to alkyl RO2 radical chemistry are 

2ROO ° --+ 2RO, + 02 (4.2) 

and 

RCH2OO • + RO2 ° ~ RCHO + ROH + 02 (4.3) 

Both reactions would favour the formation of MSA from CH3S(O)2OO ° (see 
Figure 1). HO2 radicals are also likely to react rapidly with CH3SO3 ° to form 
MSA. Thus these qualitative considerations indicate that the reactions involving 
HO2 and alkylperoxyradicals are likely to lead to formation of MSA. 

The present analysis indicates that the lowest yields of MSA will be reached 
at low NOx levels. However, as the above-mentioned peroxyradical reactions 
achieve their maximum importance at low [NO] this chemistry may to some extent 
compensate for the effect of low [NOx] on MSA by providing additional pathways 
to the formation of this species. 

Another assumption made to simplify the model is to neglect the diurnal vari- 
ation of concentrations of trace species such as OH, DMS, NO, NO2, etc. This 
is clearly an unrealistic assumption, particularly in the case of OH. OH shows a 
strong diurnal variation with presumably negligible values at night-time. However, 
if a time-dependent variation of [OH] were introduced, most output parameters 
would remain the same after 24 h, as when applying a constant value of [OH] equal 
to the diurnal average value. This is due to the fact that, apart from the reaction 
with SO2, OH is only involved in the initial reaction steps and does not influence 
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the branching ratios between the reaction pathways in our model. The estimate of 
the influence of Reaction (25) (OH + SO2) may suffer from the present approx- 
imation, but this error is of little consequence compared to those of neglecting 
heterogeneous reactions and dry deposition. 

It can be objected that there is probably a positive correlation between [OH] 
and [NO] values as both species are photochemicaUy formed. This would enhance 
the importance of reactions involving NO, because their maximum rates would 
be obtained during the hours of the day where the largest quantity of DMS is 
oxidized. The overall result of this would correspond to increasing the average 
NO concentration, but as this concentration is already treated as a highly uncertain 
parameter in the present analysis it does not seem necessary to include an algorithm 
for diurnal variations in the numerical treatment. 

It is difficult to evaluate the implications of omitting the NO 3 radical chemistry 
in the model as the global distribution of NO3 is very uncertain and thus the 
importance of this chemistry is equally uncertain. However, it seems likely that 
the reaction of DMS with NO3 radicals is of relevance at polluted coastal sites 
(Mihalopoutos et al., 1992). A hydrogen-abstraction pathway, leading to the same 
products as those formed by the reactions initiated by hydrogen-abstraction by OH 
radicals (Reaction 1), has been found to be the predominant pathway in the reaction 
of NO3 radicals with DMS (Jensen et al., 1992; Butkovskaya and LeBras, 1994). 
Thus the occurrence of the reaction with NO3 would enhance the importance of 
the hydrogen-abstraction pathway. 

5. Conclusions 

A part of the numerical experiments described in this note was the comparison 
between experimental and field data with model predictions. Because of the large 
uncertainty in the input data the comparison was made on a Monte Carlo basis, 
looking at the averages computed by the model. The fact that the averages were 
found to agree with observation was taken as a confirmation that the interval of 
uncertainty selected for the input data was not unrealistic. 

Given the uncertainties involved such a comparison between prediction and 
observation could only be done on a Monte Carlo basis. 

The main result of this work is nevertheless the identification of which kinetic 
parameters would deserve - on a priority basis - a more accurate determination. 
This identification is, obviously, only valid to the extent that the reaction scheme 
and the values and the uncertainties attributed to the various parameters are accept- 
ed as discussed in the previous sections. The most important pathways have been 
highlighted in Figure 1. 

(1) Pathways to formation of S02 and H2S04. The present analysis highlights 
some kinetic parameters as being particularly relevant to the understanding of the 
recently proposed pathway to formation of H2SO 4 in the atmosphere (Bandy et al., 
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1992; Lin and Chameides, 1993) involving SO3 rather than 5 0 2  as an intermediate. 
These parameters are: 
(a) k23 and k22, i.e. the reactions of the CH3SO 3 ° radical to form either SO3 or 
MSA. 
(b) k18, i.e. the rate constant of a reaction leading to formation of CH3SO 3 °. 
(c) k19, i.e. the first step of an alternative pathway to the formation of CH3SO 3 °. 
(d) k21, i.e. a pathway to the formation of SO2. 

The average ratio between SO3 and SO2 is low (less than 2% yield of SO3 in 
the polluted environment conditions and less than 0.3% in the unpolluted), so the 
present analysis does not attribute a major role to the SO3-forming pathway. To the 
knowledge of the authors, no reports on laboratory studies of these reactions, apart 
from Reaction 2t ,  are available in the literature. 

Further, the analysis shows that reactions of the CH3S • and, in particular, of 
the CH3SO2 • radicals are potentially very important sources of SO2. Bearing in 
mind, that such reactions are only known as a hypothetical possibility, this result 
underlines the need for further investigations of this issue. 

(2) The ratio M S A / ( S 0 2  + H2S04). The parameters which affect this ratio are 
the same which were identified in the previous paragraph. A comparison between 
model output and measured values of the ratio shows a qualitative agreement, 
although the uncertainties on k23 and k22 are considerable. 

(3) Peroxynitrate intermediates. The most abundant peroxynitrate compound is, 
according to the present analysis, CH3S(O)202NO2. The concentrations at 298 K 
are below 1% of the DMS concentration but they are expected to be higher at lower 
temperatures and thus possibly of importance in atmospheric transport. Also het- 
erogeneous reactions of these species on water droplets are of potential relevance 
as a source of MSA (Van Dingenen et aL, 1994). 

We hope that this analysis will serve to identify some of the key questions to be 
answered by further research into the intricate atmospheric chemistry of DMS. 
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