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Abstract

We have used the Laboratoire de Météorologie Dynamique (LMD) general circulation model to simulate the
global sulfur cycle. Processes incorporated in the model include emissions, boundary layer mixing, advective and
convective transport, dry and wet scavenging, gaseous- and aqueous-phase chemistry. The model predicts the
atmospheric fate of hydrogen peroxide (H202) and six sulfur species: dimethylsulfide (DMS), dimethylsulfoxide
(DMSO), hydrogen sulfide (H»S), sulfur dioxide (SOg2), sulfate (SO37), and methanesulfonic acid (MSA). The
model is evaluated through extensive comparisons to measurements. The model represents many features of the
observed concentrations of sulfur species. At remote locations, the agreement with observations is generally good.
The surface mixing ratios of sulfur dioxide and sulfate aerosols are underestimated over Europe in winter, and
overestimated over North America in summer and autumn. At first order, these discrepancies may be explained
by biases in the simulated cloud cover and precipitation fields. A sensitivity run, where H2O2 is not depleted
upon oxidation of SOg, exhibits a large increase in HoO2 concentration in wintertime over polluted regions. This
indicates that under these conditions this chemical reaction may represent an important sink for H>Os.

1 Introduction

Several sulfur gases are emitted at the Earth’s surface from
anthropogenic and biogenic activities. Once in the atmo-
sphere, they are transported, oxidized in gas and aqueous
phase, and removed by dry and wet deposition. In par-
ticular, a large fraction of the gas-phase sulfur dioxide is
converted into particulate sulfate. In the seventies, the
main concern about the tropospheric sulphur cycle was
on the environmental consequences of the man-made sul-
fur emissions, and particularly the issue of acid rain, since
anthropogenic emissions account for more than 60% of the
global emissions of sulfur gases (e.g., Rodhe, 1999). In the
last ten years, it has been recognized that sulfate aerosols
may also affect the climate system (e.g., Charlson et al.,
1992). Sulfate aerosols affect the radiation balance, di-
rectly through scattering of solar radiation (Boucher and
Anderson, 1995), and indirectly by serving as cloud con-
densation nuclei (CCN), thereby modifying the cloud mi-
crophysical and optical properties (Boucher and Lohmann,
1995). Sulfate aerosols also interact chemically with other
aerosol types and may play a role in heterogeneous chem-
istry (Dentener and Crutzen, 1993). In order to assess the

climate forcing due to sulfate aerosols, it is necessary to
compute the four-dimensional distribution of sulfate con-
centration, and thus, to simulate the emissions, transport,
and transformation of its precursors.

Although there now exist many model studies on the
regional or global sulfur cycle (Langner and Rodhe, 1991;
Benkovitz et al., 1994; Pham et al., 1995a, 1995b; Fe-
ichter et al., 1996; Chin et al., 1996; Chuang et al., 1997;
Kasibhatla et al., 1997; Roelofs et al., 1998; Koch et al.,
1999; Adams et al., 1999; Barth et al., 2000; Rasch et
al., 2000; Chin et al., 2000a, 2000b), there are still ar-
eas of uncertainties. The representation of wet scavenging
and aqueous-phase chemistry is generally crude in large-
scale models. In particular the relative importances of the
different oxidation pathways for SO» are not well estab-
lished. Also many models underpredict wintertime sulfate
concentrations over Europe and North-East United States
(e.g., Barth et al., 2000; Chuang et al., 2002). The reason
for this is uncertain. Some authors believe that there is a
missing pathway for SO» oxidation in models (Kasibhatla
et al., 1997; Roelofs et al., 1998), heterogeneous oxidation



of SO5 onto aerosols (Kasibhatla et al., 1997) and aqueous-
phase oxidation of SO by peroxynitric acid (HNO4) (War-
neck, 1999; Dentener et al., 2002) being some candidates.
Chin et al. (2000b) suggested that contamination by sea-
salt of the EMEP measurements could partly explain the
discrepancy over Europe. Another possibility is that the
concentration of one of the oxidants of SO, is underesti-
mated in global models. In particular, this could be the
case for Hy O if ozonolysis of alkenes —which is usually not
considered in global models— turns out to be an important
production term for HyO4 in wintertime conditions as sug-
gested by Ariya et al. (2000). The discrepancy between
observed and simulated sulfate concentrations may also
simply be due to deficiencies in the parameterizations of
aqueous-phase chemistry and/or wet scavenging, or in the
efficiency of the convective transport (Barth et al., 2000).

Here we present a description of the global sulfur cy-
cle as it was introduced in the General Circulation Model
(GCM) of the Laboratoire de Météorologie Dynamique
(LMD-ZT). The model is thoroughly evaluated against
available measurements. The budgets of sulfur species and
H304, — and their coupling to each other — are discussed.
We favored an on-line, in contrast to off-line, approach
because we are interested in studying climate-chemistry
interactions. By doing so, it is possible to represent to
a high degree of consistency the physical and chemical
processes of the sulfur cycle. However it is clear that inac-
curacies in the simulation of the hydrological cycle (e.g.,
cloudiness, precipitation) can result in significant biases in
the simulated concentrations of the sulfur species. LMD-
Z'T can also be nudged to meteorological analyses so that
comparison with observations at a specific place and time
is possible (Hourdin and Issartel, 2000). In the simula-
tions presented in this study, the radiative impact of sul-
fate aerosols does not feedback on the meteorology. Work
is in progress to include a full interactive gas-phase chem-
istry, as well as carbonaceous, sea-salt, and dust aerosols
in the same version of the model. We will then have a
useful tool to study the chemical interactions among the
different aerosol species. The model will also be used to
compute the aerosol radiative forcing and to run scenarios
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of climate change with the forcings from greenhouse gases
and aerosols included.

2 Description of the Model
2.1 LMD-ZT

In LMD-ZT, atmospheric transport is computed with
a finite volume transport scheme for large-scale advec-
tion (van Leer, 1977; Hourdin and Armangaud, 1999), a
scheme for turbulent mixing in the boundary layer, and a
mass flux scheme for convection (Tiedtke, 1989). The res-
olution is 3.75° in longitude, 2.5° in latitude (correspond-
ing roughly to the resolution of a T48 spectral model,
Hourdin, personal communication) and 19 layers on the
vertical. In this version (referred to as 3.3), a hybrid o-
pressure coordinate on the vertical is used, with 5 layers
below about 850 hPa and 9 layers above about 250 hPa.
The time step is 3 min for resolving the dynamical part of
the primitive equations. Mass fluxes are cumulated over
5 time steps so that large-scale advection is applied ev-
ery 15 min. The physical and chemical parametrizations
are applied every 10 time steps or 30 min. The different
processes are handled through operator splitting.

In its present version, the model exhibits a too low pre-
cipitation rate and cloud cover over continental areas in
summertime, and a too large precipitation rate and cloud
cover over Europe in wintertime. The precipitation field
is shown on Fig. 1 in annual mean along with observations
from Legates and Willmott (1990).

Six sulfur species are considered in the model: dime-
thylsulfide (DMS), dimethylsulfoxide (DMSO), hydrogen
sulfide (H,S), sulfur dioxide (SO,), sulfate (SO3™), and
methanesulfonic acid (MSA). Sulfate and MSA are as-
sumed to be 100% in the particulate phase. The con-

centrations of short-lived radicals OH, HO,, and NOg,
and ozone, as well as HyOy photodissociation rates, are
prescribed from version 3.2 of the Intermediate Model
of Global Evolution of Species (IMAGES) (Miiller and
diurnal

Brasseur, 1995). The cycles of these fields are
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archived from IMAGES for each month and applied in our
model with a time step of 30 minutes, which is also the
time step for the physical and chemical processes. Be-
cause the concentration of hydrogen peroxide HyO2 can
be significantly affected upon oxidation of SO4, especially
at high latitude in wintertime, it is also a prognostic vari-
able of the model. Its concentration is computed from
prescribed OH and HO, concentrations and HyO5 pho-
todissociation rates archived from IMAGES. It also under-
goes dry and wet scavenging and advective and convective
transport.

2.2 Emissions

Emissions of sulfur species are summarized in Table 1.
SO, is emitted primarily by anthropogenic activities. Here
we make use of the emission inventory developed in the
framework of the Global Emissions Inventory Activity
(GEIA). Our annual emission rate (66.3 Tg S yr—!), repre-
sentative of the year 1985, is close to the emission rates of
Koch et al. (1999) and Barth et al. (2000) but lower than
that of Chin et al. (2000a). A small fraction (5%) of SOx
is emitted directly as sulfate (Benkovitz et al., 1996). We
include an anthropogenic source of H2S of 2.82 Tg S yr—!
scaled to the SO4 source, following the estimate of Watts
(2000).

Table 1: Globally- and annually-averaged emission flures
of sulfur species (Tg S yr=t).

Sources S04 H,S DMS  Total
Volcanoes 4.81 4.81
Biosphere 0.51 0.31 0.82
- Vegetation 0.49 0.29

- Soils 0.02 0.02

Biomass burning 2.99 2.99
Ocean 19.10 19.10
Man-made 66.28 2.82 69.10
Total 74.08  3.33 19.41 96.82

5% of the man-made SO- is emitted directly as sulfate.

We only consider volcanic sources of SO» from contin-
uously erupting volcanoes, which represents an emission
rate of 4.8 Tg S yr~! (Andres and Kasgnoc, 1998).

Biogenic emissions are dominated by the oceanic emis-
sion of DMS, the flux of which is derived off-line from
the sea surface DMS concentrations of Kettle et al. (1999)
and the sea to air parameterization of Liss and Merlivat
(1986). The seasonal cycle in DMS emission is very pro-
nounced, especially at 40-50°S. At 19.4 Tg S yr=!, our
total emission rate for DMS is significantly larger than
those of Koch et al. (1999), Barth et al. (2000), and Chin
et al. (2000a), which are 10.7, 15.5, and 13.3 Tg S yr—!,
respectively, and were obtained using different methodolo-
gies or DMS concentration fields. It is nevertheless in the
middle of the range of 10 to 40 Tg S yr—! usually accepted
for DMS emissions. We are currently studying the sensi-
tivity of on-line computation of the DMS emission flux to
oceanic DMS concentration and air-sea flux parametriza-
tion (Cosme et al., 2002 ; Boucher et al., 2002). Emissions
of DMS and H,S from the biosphere and emissions of SO»

from biomass burning are the same as in the IMAGES
model (Pham et al., 1995a). They are much smaller com-
pared to the other sources of sulfur compounds (i.e., DMS
from the ocean and man-made SQO5, see Table 1).

2.3 Gas-Phase Chemistry

Gas-phase chemistry is based on the scheme introduced in
Pham et al. (1995a). The reactions and reaction rates are
tabulated in Table 2. DMS is oxidized by OH and NQOjs
radicals producing SOz and DMSO. No other reaction was
considered for DMS, in contrast to Chin et al. (1996) who
assumed the presence of an additional oxidant to increase
the oxidation rate of DMS by a factor of 2. Following
Chatfield and Crutzen (1990), we assume that MSA pro-
duction proceeds via DMSO through the addition pathway
of DMS oxidation. This should be investigated in future
studies according to Sciare et al. (1998), who suggested
that MSA and DMSO production proceeds through two
different channels, namely the abstraction and addition
channels respectively. H,S is oxidized by OH but con-
tributes to a very small fraction of the total production
rate of SO5. The distribution of HsS and DMSO will not
be discussed further because of their small burdens and
large uncertainties, but their contributions to the global
sulfur budget are included for completeness.

Gas-phase HyO5 is formed primarily through the reac-
tion of HO4 given in Table 2, which includes a bimolecular
component, a termolecular component, and an enhance-
ment component due to water vapor. This enhancement
is about a factor of 2.6 at 100% relative humidity and
298 K. Hy04 is removed from the atmosphere by dry and
wet deposition (see Section 2.5), by the gas-phase pro-
cesses of solar photolysis and reaction with the OH radical,
and upon the aqueous-phase oxidation of SO; (see below).
The diurnal variation in HoO5 concentration is therefore
simulated consistently with the concentrations of OH and
HO- and H,O2 photodissociation rates.

The gas-phase reactions are evaluated using a 30-min
time step with an explicit scheme. This scheme can be
used because of the long lifetimes of all of the prognostic
chemical species considered here. Moreover it makes easy
to compute a mass-balanced sulfur budget (cf. Section 7).

2.4 Aqueous-Phase Chemistry

Aqueous-phase oxidation of SO; by O3 and H;0, is also
considered. The concentration of Oz is prescribed using
the results from the IMAGES model, but that of HyO, is
computed interactively. The cloud pH is predicted by an
electroneutrality equation in which NHf and H* are the
only cations and NOj is neglected, as follows:

[H] =2[SO; ]+2[SO3 |+[HSO; |+[OH |- [NH{]] (1)
From global sulphate concentrations summarised by

Seinfeld and Pandis (1998) and measurements by Covert
(1988), a cloudwater [NH;]/[SO% ] molar ratio of 1.0 is



assumed in remote environments and of 1.5 in polluted
environments, where cloudwater sulphate concentrations
exceeds 15 pM.

Aqueous Sty species are estimated accounting for ion-
isation of SO5-H50 using the first and second dissociation
constants (Table 2). It is assumed that in-cloud oxida-
tion is not limited by mass transfer (Venkataraman et al.,
2001) and would depend only on the gas-phase concentra-
tions of SO, and the oxidants. Aqueous Syy species are
oxidised by ozone and hydrogen peroxide which partition
into aqueous phase following Henry’s law (Table 2). Den-
tener et al. (2002) showed that aqueous-phase oxidation of
HSO3; by HOONO; could contribute to sulfate formation.
However, this reaction has also been shown to significantly
alter H,O> and O3 concentrations in the boundary layer
(Dentener et al., 2002). Since this pathway is still uncer-
tain and Ogz is not simulated by the gas-phase chemistry
scheme adopted here, we chose to ignore this reaction in
the present study.

The rate expressions and rate constants for the aque-
ous phase reactions (Table 2) are summarised by Seinfeld
and Pandis (1998) based on a best fit to the available ki-
netic data from various studies (Hoffmann and Calvert,
1985).

Because the reaction rate of aqueous O3 with SO, is
pH-dependent (see Table 2), the 30 min time step is split
into 15 time steps of 2 min each, for which the oxidation
reaction rates and the cloud pH are computed. Aqueous-
phase SO oxidation only occurs in the cloudy part of the
grid-box; we do not allow mixing of air between clear and
cloudy sky during the 30 min time step (i.e., if SOy or
H304 are completely consumed in the cloud part of the
grid-box, we do not allow SOs or HyO2 from the clear
part to be also consumed). We assume a linear transition
between ice and liquid clouds in the temperature range
of —20° to —10°C. The fraction of condensate that is lig-
uid in the cloud varies from 1 at —10°C to 0 at —20°.
No “aqueous-phase” chemistry takes place in ice clouds.
Therefore aqueous-phase chemistry is completely shut off
below —20°C. No aqueous-phase chemistry is considered
in rain or snow.

2.5 Dry and Wet Deposition

Dry deposition is parameterized through deposition veloc-
ities, which are prescribed for each chemical species and
surface type (Table 3). A more appropriate formulation
which depends on vegetation type and atmospheric stabil-
ity is under development.

Wet deposition (or scavenging) is treated separately

for stratiform and convective rain. For in-cloud scaveng-
ing, we apply a parameterization similar to that of Giorgi
and Chameides (1986). The scavenging rate (s—1!) is given

by
W=R8Ffr (2)

where f is the cloud volume fraction, r the fraction of
the chemical species that is in the aqueous phase, and (3
is the rate of conversion of cloudwater to rainwater (in
unit of kg kg=! s71). The parameter r is obtained as-
suming Henry’s law equilibrium for gases and is set to
0.7 for sulfate and MSA aerosols. This reflects the fact
that a fraction of sulfate aerosols can be interstitial in
clouds as shown by a number of measurements (Boucher
and Lohmann, 1995). The parameter 8 at model level k
is computed from the three-dimensional precipitation flux
(P,, stratiform or convective, in kg m=2 s~!) and a pre-
scribed liquid water content (¢;=0.5 and 1.0 g kg~! for
stratiform and convective clouds, respectively):

LPrk = Prig1

B =
k Pairk Az fr

(3)

where p,;, is the air density (kg m—2) and Az, is the thick-
ness of layer k. We do not distinguish between liquid and
ice precipitation as far as in-cloud scavenging is concerned.

Below-cloud scavenging is considered for aerosols only.
By integrating over the population of raindrops the vol-
ume of space that is swept by a raindrop during its fallout,
the expression for the scavenging rate (s7!) is:

3P a
4 R, pwater

(4)

where R, is an average raindrop radius (set to 1 mm here),
pwater the water density (kg m~2), and « is the efficiency
with which aerosols are collected by raindrops. For the
parameter «, we selected a value of 0.001 and 0.01 for
raindrops and snowflakes, respectively, based on measure-
ments compiled by Pruppacher and Klett (1997).

Because the three-dimensional precipitation fluxes are
available in the GCM, we do not have to assume an ad-hoc
vertical profile of precipitation. and EMEFS, respectively.
Model results are also compared to surface of raindrops.
The release at a level k is equal to the amount of the
given species which was scavenged at higher levels multi-
plied by the fraction of precipitation which is evaporated.
For aerosols, a multiplicative factor of 0.5 is applied to
account for the fact that raindrops can shrink without
evaporating totally. In the event of a total evaporation of
the precipitation flux, the aerosols are released totally as
well.



Table 2: Reaction rates used in the present study.

Reaction Rate Reference
Gaseous-Phase Chemistry
DMS + OH — SO3 + ... Ky =9.610"12 ¢ 234/T
— —12 350./T
DMS + OH —s 2805+(1 — 2)DMSO+.. {52: 0% e /T[OJ\}/]G ZO‘:) 0 b
DMS + NO3 — SO, + ... K3 =1.9 10713 £500./T c
Ky = a[M]/(1 +a[M])/1.5 10712.0.6°
SOy + OH — sulfate + ... a=3.01073! (300./T)33 c
B =1./(1+logo(a[M]/1.51071%))?
DMSO + OH — 2805+(1 —2)MSA+... K5 =15.8 107! x=10.6 b
HyS + OH — SO; + ... Kg =6.0 10712 ¢77/T c
K7 =2.3 10713 ¢600/T 4 1.7 10733 [M] ¢1000-/T
HOz + HOy — H0p + .. {corrected for the effect of water vapE)ur] ¢
H,0, + OH — HO, + H,0 Kg =29 10712 ¢7160/T c
H05 + hv — 2 OH Prescribed from IMAGES
Aqueous-Phase Chemistry
S(IV) + H202 —> sulfate K3 =17.5107 ¢ #300/T—17298) [g+], /(1 4 13[H]aq) d
K3 =24 10
S(IV) + O3 — sulfate K353 = 3.7 10% ¢5530(1/T—1/298.) d
K;;l =1.510° 6—5280(1/T—1/298.)
Solubility Constants
DMSO 5. 10% e
SO, 1.4 62900(1/T—1/298.) f
H50, 8.3 104 e7400(1/T—1/298.) g
05 1.15 102 62560(1/T—1/298.) h
Dissociation Constants
802 /SO; 1.3 10—2 61960(1/T—1/298.) d
SO3_/SO§_ 6.6 108 61500(1/T71/298.) d

Units are cm® molec™!

s~! for the gas-phase reaction rates (K;), 1 mol™* s™! for aqueous-phase reaction rates

(K ?jq), mol 1 atm™* for solubility constants, and mol 1=* for dissociation constants.
a Atkinson et al. (1989), b Chatfield and Crutzen (1990), ¢ DeMore et al. (1997), d Seinfeld and Pandis (1998)
e Sander (1999), f Lide and Frederikse (1995), g O’Sullivan et al. (1996), h National Bureau of Standards (1965).

I[Siv - s
% = — K77 [H202]aq [HSO3 Jag % _

Table  3: Dry deposition wvelocities (cm s71).
DMS SO,  H,S DMSO*®

Ocean 0.0 0.7¢ 0.0 1.0

Land 0.0 0.2 0.0 0.0

Ice 0.0 0.2 0.0 0.0
MSA? Sulfate? H50,

Ocean 0.05 0.05 1.0

Land 0.25 0.25 1.5

Ice 0.25 0.25 0.04

a Garland (1977)

b Clarke et al. (1997)

¢ Chatfield and Crutzen (1990)
d Wesely et al. (1985)

2.6 Convective Transport

We use the mass fluxes simulated by the Tiedtke (1989)
scheme to parameterize convective transport of gases and
aerosols. We account for the vertical transport of trace
species in updrafts, downdrafts, and in the environment,
and for entrainment and detrainment from and to the en-
vironment. The convective transport is performed after

(K;? [SO2 : H2O]aq + K;’;‘ [HSO;]aq + K;«? [Sog_]aq) [03]aq

the wet scavenging calculation in order to avoid upwards
transport of material which is necessarily scavenged by
precipitation. In addition, we scavenge a fraction of the
soluble tracers released to the environment (Balkanski et
al., 1993; Mari et al., 2000; Crutzen and Lawrence, 2000).
This fraction is set to 20% and 50% for gases (except
DMS) and aerosols, respectively. Note that we apply con-
vective transport in a bulk manner without distinguishing
between the interstitial and the dissolved fractions of trace
gases and aerosols. This is in contrast with Barth et al.
(2000) who treat separately interstitial and dissolved ma-
terial.

3 Results

Our model is run for 18 months. In the following sections,
surface and zonal distributions as well as comparisons with
observations are presented for the results of the last 12
months.

There are numerous measurements of DMS, SO,, sul-
fates, and MSA from campaigns or continuously monitor-
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ing sites. The present version of LMD-ZT represents
typical conditions as opposed to specific meteorological
situations. In order to assess the performance of this
climatologically-driven model, we use data obtained at
surface sites for a period of at least one year. These
data include SO, and sulfate measurements from the Eu-
ropean Monitoring and Evaluation Programme (EMEP)
for Western Europe (see Aas et al., 1999) and the Eulerian
Model Evaluation Field Study (EMEFS) for North Amer-
ica (see McNaughton and Vet, 1996). We use data from
years 1980-1990 and 1988-1990 for EMEP and EMEFS,
respectively. Model results are also compared to surface
data from some remote oceanic sites (mostly those of the
Sea-Air Exchange program (SEAREX)).

We also compare the model results with data ob-
tained during three aircraft field campaigns which took
place in the Pacific Ocean: Pacific Exploratory Mission
(PEM)-West A (September—October 1991), PEM-West B
(February—March 1994), and PEM-TROPICS-A (August—
October 1996). Although these measurements are only
representative of a region during the time period of the
flights, they enable us to examine the vertical and hor-
izontal distributions of the modelled sulfur species and
identify any potential systematic biases.

4 Surface Concentrations of Sulfur
Species

The surface distributions of the mixing ratios of DMS,
SO3, and sulfate are presented in Figs. 2—4, respectively.
The mixing ratio of DMS at the surface exhibits the same
seasonal variation as the emission strength. It is maxi-
mum at 50-70°S in January and over the North Pacific
and the North Atlantic Oceans in July (Fig. 2). The mix-
ing ratio of SO is largest over the continents and close to
the regions of emission (Fig. 3). It shows few differences
between January and July, except over the mid-latitudes
of the Southern Hemisphere where oxidation of DMS is
the main source for SO5. The spatial distributions of SO»
and sulfate mixing ratios show some similarities but differ

10000

1000
20000

750
30000

500
40000

250
50000

100
60000

75
70000

50
80000

25
90000

10

90S 60S 30 30N 60N

s EQ
Latitude

(b)
a) January and b) July.

in that sulfate aerosols spread further away from the re-
gions of emissions of industrial SOy (Fig. 4), as expected
from the longer lifetime of sulfate aerosols compared to
SO- (see section 7). We could also note from Fig. 5 that
sulfate aerosols spread vertically into the free troposphere
during summertime.

Table 4: Comparison of modelled wversus observed
annually-averaged concentrations at the surface

Location Observed® Modelled®

DMS
Cape Grim 65 50
Amsterdam Island 181 118

S04
EMERP sites (<50°N) 3945 4306
EMERP sites (>50°N) 3037 3528
EMEFS sites 3038 5460
Amsterdam Island 18 20

Sulfates

EMEP sites (<50°N) 1588 1284
EMEP sites (>50°N) 1166 895
EMEFS sites 1252 1449
Oceans (NH)]O 225 177
Oceans (SH)® 80 101
Antarcticd 25 33

MSA
Arctic® 6 1
Oceans (NH)f 8 5
Oceans (SH)¢ 5 7
Antarctic8 9 4

Avalues are in pPptv.

bBarbados, Belau, Bermuda, Fanning, Guam, Mace
Head, Midway, and Oahu.

€ American Samoa, Cape Grim, New Caledonia, and
Norfolk.

d
€ Alert and Heimaey.

fBarbados, Bermuda, Fanning, Mace Head, Midway,
and Oahu.

8Mawson and Palmer.

Mawson, Palmer, and the South Pole.



Table 4 presents a comparison of modelled and ob-
served mixing ratios of DMS, MSA, SO,, and sulfate; the
data are annual-mean mixing ratios averaged over the re-
mote and polluted monitoring stations given in the table
caption. Model results are within a factor of 2 of mea-
surements, except for MSA which is underestimated by as
much as a factor of 6 in the Arctic and Antarctic sites.
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This matter should be investigated in the future, by con-
sidering direct MSA production from DMS and not from
DMSO. In the following subsections, we show the mod-
elled versus observed mixing ratios at some representative
sites in order to illustrate and discuss the performance of
the model in terms of seasonality.
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Fig. 6: Seasonal variations in surface DMS (pptv) at Amsterdam Island and Cape Grim. The open circles and the
solid line indicate the monthly-mean observed and modelled mizing ratios, respectively.
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4.1 Remote oceanic sites

Fig. 6 shows DMS mixing ratios at Amsterdam Island
(Sciare et al., 2000) and Cape Grim. Observed mixing
ratios at the two sites are characterized by a maximum
in summer and a minimum in winter. This cycle is repro-
duced by the model for DMS, whose variation is intimately
related to the variation of DMS emission flux at the two
sites. For this compound, the agreement with the obser-
vations is good from March to November at Amsterdam
Island and March to October at Cape Grim. The model
underestimates the summer (January-February) peak in
concentration at both sites. A more complete investigation
of DMS emission flux and concentration in the southern
hemisphere using this model is provided in Cosme et al.
(2002). The calculated mixing ratios exhibit a peak which
is not observed in the measurements at the two sites. This
peak reproduces a similar peak in the DMS emission flux,
which may be an artifact due to the very low density of
data in the Southern Indian Ocean used in the emission
mapping procedure of Kettle et al. (1999).

As showed in Fig. 7, the seasonal cycle of SO2 at Ams-
terdam Island is well reproduced if we compare the model
results to the data of Putaud et al. (1992). At this site,
SO- is mainly produced by DMS oxidation. The modelled
SO, mixing ratio, similarly to DMS, is also overestimated
in November but underestimated in January.

Fig. 8 presents comparisons for sulfates at some re-
mote oceanic sites. Two of them (Mawson and Midway)
are characterized by large seasonal variations, while Fan-
ning Island does not show any remarkable seasonality. At
Cape Grim (not shown), nss-sulfates are overestimated by
a factor of more than 5 when compared to measurements
by Ayers et al. (1991), while DMS mixing ratios compare
well with the observations. Since observations correspond
to ‘baseline’ or clean conditions only, while our results also
include anthropogenic sulfates coming from the continent,

the discrepancy between model and observation is there-
fore not meaningful. Note, however, that measurements
reported by Andreae et al. (1999), also for baseline con-
ditions, are significantly higher than those of Ayers et al.
(1991), reducing the discrepancy. The absence of seasonal
variation at Fanning Island is reproduced by the model,
though the modelled values are underestimated by a factor
of 2, as well as the seasonality of the observed mixing ra-
tios at Mawson. The modelled ratio of the summertime to
wintertime values is 12 at Mawson, versus 17 for the obser-
vations. The agreement is poorer for the Midway station,
where the model does not seem to simulate adequately the
transport of Asian pollutants during spring.

As shown on Fig. 9, the model captures well the MSA
concentrations at Samoa and Midway, within a factor of
2. At Cape Grim, MSA mixing ratios are largely over-
estimated in summer, while modelled DMS mixing ratios
agree rather well with the observations. The agreement is
better if we use the data of Andreae et al. (1999), with
observed MSA mixing ratios peaking at about 14 pptv in
February.

4.2 Continental/Polluted areas

Most of the monitoring stations are located in Europe
(EMEP network) and Northern America (EMEFS net-
work) and they report measurements of SO, and sulfate
concentrations in air, sulfate concentration in rainwater,
and precipitation (see Fig. 10). The results for the EMEP
and EMEFS stations are summarized as scatter plots in
Figs. 11 to 14. For each plot, each point represents the
modelled and observed monthly-mean values at one site
in January, April, July, and October (a model grid-box
can occasionally be compared to several sites if their geo-
graphical distance is less than the horizontal resolution of
the model).
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Fig. 12: Same as Fig. 11 but for sulfate.

Modelled and observed SO, mixing ratios are evenly
distributed around the 1:1 line in April over Europe and
in January over Eastern North America. In both regions
SO, mixing ratios are overestimated in July and Octo-
ber. They are also underestimated in January over Eu-
rope, which is opposite to the recent model results of Koch
et al. (1999) and Barth et al. (2000). The overestimates
in July and October are probably due to a too weak SOs
conversion into sulfates since precipitation and cloud cover
are underestimated in the model at these periods of the
year.

In order to discuss the behavior of the model at dif-
ferent latitude and longitude bands, we also display on
Fig. 15 the observed and modelled seasonal cycles at some
representative sites in Europe and North America. The
underestimate of SO, in winter is illustrated on the first
row of Fig. 15 with the sites of Cree Lake, Aspvreten, and
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Krvatn, which are all north to 50°N. At these high lat-
itudes areas, the winter discrepancy might be related to
either an insufficient transport of sulfur to the high lat-
itudes, either a too high deposition rate for SOs, or, a
too strong in-cloud oxidation of SOy by Osz. In summer
modelled SO, mixing ratios compare rather well with ob-
servations (less than a factor 2). Going further south,
modelled SO3 is overpredicted from March to December
over Europe and North America with slight peaks occur-
ring in August, September, and November (middle row
of Fig. 15). The agreement is satisfactory in the latitude
band 25-35°N (last row of Fig. 15), where the seasonal
variations are respected within a factor of 2 to 3.

The large degree of variability among observed val-
ues should be noted. Although distant of less than 2°
in latitude and longitude, the observed January maxima
at Whiteface and Warwick are less than 3000 pptv and
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Fig. 18: Same as Fig. 11 but for EMEFS surface sites.

more than 5500 pptv, respectively. Similarly a maximum
of 5300 pptv has been observed at Bells (around 35°N,
89°W), while the maximum only reaches 1500 pptv at
Caryville (around 30°N, 86°W). The model reproduces
satisfactorily these gradients in concentrations.

For the continental EMEP and EMEFS stations, most
modelled and observed sulfate mixing ratios agree within a
factor of 2, except for January and April in Europe (Fig. 12
and Fig. 14). There is a tendency to underestimate the
concentrations over Europe in January and April and a
slight tendency to overestimate concentrations over Amer-
ica in January and October. As far as EMEFS October
data are concerned, this does not necessarily contradict
the explanation given above that SO, to sulfate conver-
sion rates are too slow. Both SO4 and sulfate can be over-
estimated because a too low cloud cover and precipitation
rate would result at the same time in too slow a conversion
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rate of SO2 and too low a wet scavenging of sulfate. One
striking feature of the figures is the large underestimate
of sulfates in January and to a lesser extent in April over
Europe. This discrepancy is probably due to a too large
precipitation rate over Europe in winter maybe associated
with a too large transport outside of the boundary layer.
It is unlikely to be solely due to an insufficient conver-
sion rate of SO4 into sulfates, as SO5 is underestimated in
January.

Fig. 16 presents the seasonal behavior of sulfate at the
same sites as SO». In mid-latitudes over the United States,
the sulfate is observed to be highest in July-August. The
model tends to give the same behaviour. At Montelibretti,
wintertime sulfate mixing ratios are underestimated, due
to an insufficient wintertime SO, oxidation and/or an ex-
cessive sink. North to 50°N, the agreement is within a
factor of 2 to 3 although the high mixing ratios of sulfate

12
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Fig. 14: Same as Fig. 12 but for EMEFS surface sites.

at springtime are not reproduced by the model at neither
three locations.

5 Vertical Profiles of Sulfur

Species

This section assesses the model performance in the mid-
dle and high troposphere. The data used for the compari-
son between modelled and observed values have been col-
lected during the PEM campaigns and have been grouped
into regions using the same classification as Barth et al.
(2000). The data from the different flights have been
merged and averaged over nine given regions at each model
vertical layer. The model results have been averaged
over the selected regions and over the measurement pe-

Observed sulfate mixing ratio (pptv)

riod: February-March for the PEM-West B intensive cam-
paign, September-October for the PEM-West A and PEM-
Tropics-A campaigns. Note that the PEM-Tropics-A took
place further east in the Pacific Ocean. It should also
be noted that the model results represent a climatological
situation which does not necessarily correspond to the lo-
cal meteorological conditions and does not reproduce the
variability in the mixing ratios as observed during the time
periods of the PEM campaigns.

5.1 DMS

Observed DMS mixing ratios (Fig. 17) vary from around
20-40 pptv at the surface and decrease rapidly with alti-
tude in the PEM-West A and B campaigns. This is well
reproduced by the model. Nevertheless, in some cases,
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Fig. 15: Seasonal variations in SOs mizing ratio (pptv) at selected sites of the EMEP and EMEFS networks. The
open circles and the solid line indicate the monthly-mean observed and modelled mizring ratios, respectively. Note that
different plots have different scales on the y-axis.
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(b)

(c)

Fig. 17: DMS mizing ratios versus height during a) the PEM-West A, b) PEM-West B, and ¢) PEM-Tropics A field
campaigns. Model results averaged over the region and period of the measurements are indicated by a solid line. The
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modelled mixing ratios are too low in the upper tropo-
sphere, where DMS may be pumped up by convective
activity with mixing ratios reaching more than 10 pptv
(see the Japan area during autumn and early spring, and
the Guam area). In the Eastern Pacific (PEM-Tropics
A), DMS mixing ratios are higher than in West-A and B
(more than 50 pptv at the surface) and decrease rapidly
with altitude. The model is in fair agreement with these
profiles, except for the surface, where modelled DMS con-
centrations are overestimated in two cases.

In the Eastern Pacific (PEM-Tropics A), DMS mix-
ing ratios are higher than in West-A and B (more than
50 pptv at the surface) and decrease rapidly with altitude.
The model is in fair agreement with these profiles, except
for the surface, where modelled DMS concentrations are
overestimated in two cases.

5.2 SO,

SO2 mixing ratios observed during PEM-West A increase,
are constant, or decrease with altitude (Fig. 18). In Japan
and Hong-Kong, the model is in good agrement with the
observations, but in two cases it tends to overestimate
the surface concentrations. Over Central Pacific on the
other way, it is below the observed mixing ratios of 100—
200 pptv in the high troposphere, which is probably due
to long-range transport and convective activity, or return

12000 12000

injection of volcanic SO from the stratosphere (Thornton
et al., 1996). Peaks of SO, are also observed in the bound-
ary layer and free troposphere of the PEM-West B area.
The model does not represent properly the transport of
pollutants from Asia during spring 1994 at the surface,
with too low modelled mixing ratios, except for the Guam
area. In the Eastern Pacific (PEM-Tropics A), surface ob-
served mixing ratios are lower than in the western regions,
and the observed peaks of SO5 in the boundary layer are
reproduced by the model.

In summary, except for the Central Pacific area, the
model reproduces the high mixing ratios in the middle and
high troposphere. At the surface, the agrement is within
a factor 3.

5.3 Sulfates

The agreement between observations and model results
of sulfates is variable (Fig. 19). In the boundary layer,
the model sometimes underestimates (Hong-Kong area in
spring, Guayaquill area in autumn), and sometimes over-
estimates (Japan and Central Pacific in autumn, Guam in
spring) the observed values. In the middle and high tro-
posphere, modelled mixing ratios of sulfates are either too
high (Japan in autumn or Fidji) or in agreement (Central
Pacific, Japan and Hong-Kong in spring, Easter Island, or
Guayaquill).
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6 H,0O, distribution

The surface (Fig. 21) and zonal (Fig. 22) distribution of
the HoO2 mixing ratio is in broad agreement with that
simulated by other global models (e.g., Barth et al., 2000).
There are nevertheless differences between the distribution
of Hy O3 simulated in IMAGES with a full chemical scheme
(excluding, however, in-cloud oxidation of SO2) and that
simulated here with a simplified chemical scheme (but in-
cluding in-cloud oxidation of SO2). Surface HoOy mixing
ratios are larger in IMAGES than in LMD-ZT at high lat-
itudes (north to 45°N and south to 50°S) during January,
but are rather similar in July. Over the Northern midlat-
itudes, the simulated mixing ratios in LMD-ZT are much
smaller in wintertime than in summertime, which explains
the lower oxidation rate of SO2 by HoO4 in winter. Note
also that the largest mixing ratio of HoO4 are not found
at the surface but at a higher altitude, as observed in field
campaigns.

The concentration of HoO2 has been measured in sev-
eral field campaigns (MLOPEX II, PEM, and TRACE)
but is not monitored as that of sulfur species. Over con-
tinental regions of the Northern Hemisphere, the compi-
lations of Lee et al. (2000) and Grossmann (1999) show
that available measurements of HyOy are scarce. In par-
ticular, there does not seem to be any measurements of

H50- concentration over Europe in winter.

Table 5 shows a comparison between modelled and
measured values of HoO5 at long-term (at least one year)
monitoring sites as cited by Lee et al. (2000). Except
for Cape Grim, where the observed amplitude of the sea-
sonal cycle is more than twice the modelled one, the ratio
winter/summer is well represented. The model underes-
timates the observed concentrations by Boatman et al.
(1989) over Central U.S. but is in the range of the mea-
surements made by Van Valin et al. (1987) during the
CURTAIN (Central U.S. RADM Test and Assessment IN-
tensives) campaign which took place in the same area in
February 1987. Typical modelled values range from 0.02
to 1.2 ppbv from north (40.5°N) to south (29°N) along
the 91.5°W meridian and are within the range of mea-
surements: < 0.01 to 1 ppbv with an increase of 0.04-0.05
ppbv per degree of latitude from North to South.

Over the United States in winter, comparison with
measurements by Barth et al. (1989) shows a fair agree-
ment below 3 km, but an overestimate by a factor of about
3 above 3 km. On the other hand, the modelled profile of
H>0- is underestimated by a factor of 2 to 4 in October-
November over the eastern United States compared to the
measurements given by Heikes et al. (1987).
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Fig. 23: Globally- and annually-averaged sulfur budget. Burdens are given in Tg S, fluxes in Tg S yr~

L, and lifetimes

(in italics) in days. Dry and Wet stands for dry and wet depositions, respectively. Wet deposition is due to in-cloud
(in) and below-cloud (bc) scavenging from large-scale (Isc) and convective (con) clouds.

The measured HyO» mixing ratios during the PEM
campaigns are in broad agreement with the simulated ones
(see Fig. 20). The model reproduces the increase of mix-
ing ratios in the boundary layer as observed during most
of the campaigns.

Since H5O2 long-term measurements are scarce, it is
difficult to draw any definite conclusion about the repre-
sentation of HoO5 in our model. Measurements of HyO»
over Europe are also greatly needed to resolve the issue of
wintertime underestimation of sulfate concentrations.

Table 5:  Comparison of modelled wversus observed

H> 0y mizing ratios (ppbv) at long-term stations.

Location Observed Modelled
Winter/  Winter/
Summer  Summer

Cape Grim 1.4/0.16* 0.5/0.13

Los Angeles 0.2/1.0b 0.2/0.7

Central U.S. (1.4-1.7km) 0.3/4.1¢  0.14/1.6

AAyers et al. (1996)

bSakugawa and Kaplan (1989)
CBoatman et al. (1989)

7 Budgets

Fig. 23 shows the budget of sulfur species on a global
and annual average. The budget is in balance for all six
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species. Except for in-cloud sulfate production and sulfate
wet scavenging, all the terms of our sulfur budget are in
the range of those given by Koch et al. (1999), Barth et
al. (2000), and Chin et al. (2000a) (as compiled in Chin et
al. (2000a)). Our in-cloud sulfate production and sulfate
wet deposition are somewhat larger than those of these
authors. In-cloud sulfate production is 49.0 Tg S yr—!,
in comparison to a range of 24.5 to 44.4 Tg S yr~! for
the three studies cited above. For wet scavenging of sul-
fate, our model predicts a global- and annual-mean rate
of 58.8 Tg S yr~!, in comparison to a range of 34.7 to
51.2 Tg S yr~! for the same three studies.

DMS is oxidized primarily by OH to form SO, and
DMSO, a smaller fraction being oxidized by NOs.

SO, is depleted by dry deposition (24.7%), wet de-
position (6.7%), oxidation in the gas phase (15.2%), and
oxidation in the aqueous phase (53.3%). As shown on
Fig. 24 which represents the distribution of the vertically-
integrated sinks of SOs on a common colour scale, dry
deposition is important over land, where SOy concentra-
tions are large, but also over ocean, where the deposition
velocity is larger. Oxidation by OH is more important in
summer than in winter, in agreement with the seasonal
variations in OH concentrations. Oxidation of SO3 by O3
is particularly important in wintertime at midlatitudes,
but is supplanted by oxidation by HyO5 in summertime.
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Fig. 24: Vertically-integrated sinks of SOy (mg S m=2 yr=') in January (left) and July (right).

Sulfate sources include emissions (5.0%) and produc-
tion by gas- and aqueous-phase oxidation of SOy (21.1%
and 73.9%, respectively). Its main sink is through wet
scavenging (88.8%), with a small contribution from dry
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deposition (11.2%). In our model, in-cloud oxidation of
SOz by O3 plays a much larger role than in the studies of
Feichter et al. (1996) and Barth et al. (2000). It amounts
to 8.6% and 15.7% of sulfate production in these two
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Table 6: Budget of Hx O over the globe and over Europe.

Global annual

a

Europe January Europe July®

Burden (mg HyO2 m™2) 5.36 1.34 8.23

Lifetime (days) 1.13 2.51 1.10

Source (mg HoOs m~2 yr1)  HO, + HO, 17353 (100.0%) 101.0  (97.9%) 27374 (100.0%)

Sinks (mg HoO2 m~2 yr~!)  Hy0, + OH 487.2  (28.1%) 19.0 (9.7%) 9577  (35.0%)
Photodissociation ~ 534.7  (30.8%) 51.6  (26.5%) 893.7  (32.6%)
Dry deposition 2445 (141%) 31.8  (16.3%) 3420  (12.5%)
Wet deposition 4108 (23.7%) 375 (192%) 2552  (9.3%)
Oxidation of SO» 581  (3.3%) 551  (28.3%) 1725  (6.3%)
Total 17353 (100.0%) 1950 (100.0%) 2621.1  (95.8%)

aFor Europe (defined as the box 20°W—-40°E, 30°N-80°N), the budget is not balanced because of a net import

or export term.

studies, but reaches 33.5% in our model. Oxidation of SO,
by Oz occurs principally during winter in the polluted re-
gions, for example, over Europe, where the model overesti-
mates cloud cover and precipitation. There is a coupling of
the sulphate source from in-cloud oxidation, with the sink
from wet scavenging. This would result in a lower net sul-
phate concentration in-cloud and consequently larger pH,
at which the O3 oxidation rate is enhanced leading to a
predominance of this pathway.

The lifetimes for DMS, SO2, and sulfate are 1.1, 1.2,
and 5.5 days, respectively. The lifetimes for DMS and SO,
are slightly less than in previous studies, while the lifetime
for sulfate is slightly greater than in previous studies (Chin
et al., 2000a).

8 Sensitivity to Aqueous-Phase
Chemistry

In some models, the oxidation of aqueous SOz by HO»
is considered either as a titration of SOy with HoO5 or
with a complete module of aqueous chemistry. In several
of these models, Hy O, is replenished (i.e., it is regenerated
to its prescribed value) at the beginning of each time step:
every 40 minutes in Feichter et al. (1996), 4 hours in Chin
et al. (1996), 3 hours in Chin et al. (2000a, 2000b), or 2
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hours in Takemura et al. (2000). It is likely that such pa-
rameterizations overestimate the rate of oxidation of SO2
by H2O2 as it can take a much longer time for HoO4 to
replenish (see below).

In contrast, HoO is a prognostic species in the GISS
GCM (Koch et al., 1999), in the NCAR, CCM3 (Barth et
al., 2000), and in the present study. The wintertime sul-
fate concentrations are underestimated in all three mod-
els, but to an even greater extent in the NCAR model,
although it also considers oxidation of aqueous SOs by
O3, while the GISS model does not. As shown in section
4.2, wintertime sulfate concentrations are also underesti-
mated in our model. It is unlikely that this is due solely
to a missing oxidation path for SO, as SO, concentra-
tions are also underestimated. Instead, this may be due
to a too large precipitation rate over Europe in winter. It
is, however, difficult to anticipate the extent to which the
results would be improved if a more realistic precipitation
field was simulated by the GCM. A smaller precipitation
rate would increase the sulfate concentration, which would
slow down the oxidation of SO2 by Og, through a decrease
in the cloud droplet pH. It appears that oxidation of SO2
by Ojz is the major source of sulfates during winter in our
model (Fig. 24). It is therefore likely that not only the
oxidation rate of aqueous SOj, but also the scavenging
rate of sulfate or the transport outside the boundary layer



are at stake. Moreover, it could be that the frequency
of occurrence of precipitation is as important as the aver-
age precipitation rate to predict accurately the scavenging
rate of sulfate (V. Ramaswamy, personal communication).
However this parameter is usually not evaluated in GCMs
and data are not readily available.

Another source of uncertainty stems from the compu-
tation of the pH of cloud droplets in our model. As evident
from Eq. 1, one needs to know the concentration in am-
monium cation to compute the pH. OQur parametrization
may not always be appropriate.

We made a sensitivity experiment where HoO2 is
not depleted when it oxidizes SO2 in the aqueous phase
(NODEPL experiment). Therefore, in this run, HyO5 is
not interactive with the sulfur cycle, but concentrations
of SOs and sulfate still depend on HyO» concentrations.
Fig. 25a shows the surface mixing ratio of HyO in Jan-
uary in this sensitivity run. Mixing ratios are larger than
in the base run by up to 200% over Europe in January
(Fig. 25b). This difference between the two runs is corrob-
orated by analyzing the budget of H2O2 in our base run.
The concentration of HyO4 results from a balance between
production from the HO2+HQO> reaction and sinks from
photodissociation, dry and wet scavenging, and the reac-
tion with OH. Our model does not include neither in-cloud
production of HyO» (Mc Elroy, 1986), nor does it include
production of HO, (OH and HO») and H5O4 from ozonol-
ysis reactions of alkenes (Ariya et al., 2000). Globally- and
annually-averaged, oxidation of SO» is a rather small sink
for H,O», at about 3%. However on the regional scale this
reaction can cause a much larger sink for HoO4 (see Ta-
ble 6). This is the case over Europe in wintertime where
oxidation of SO; represents 28% of the removal rate for
H2042. The rather long lifetime of HoO5 in wintertime
(around 2.5 days) and the importance of oxidation of SO4
as a sink clearly indicate that the concentration of HyO5
cannot be held fixed in global sulfur models, as done in
some of the previous studies.

9 Conclusion

We have incorporated the sulfur cycle in the general cir-
culation model LMD-ZT and we have parameterized the
processes of convective transport, wet scavenging, and
aqueous-phase chemistry as consistently as possible with
the model physical parameterizations. The model predicts
the atmospheric fate of hydrogen peroxide (H2O2) and six
sulfur species.

Comparison of surface modelled and observed sulfur
distributions at remote monitoring stations shows a fair
agreement except for MSA, whose production in the model
should be reevaluated. We reiterate the finding previously
made that surface concentrations of sulfates are underes-
timated during wintertime over Europe. We suspect that
this is due to biases in the GCM climatology of cloud cover
and precipitation, although this may also be due to too low
oxidant levels during winter. The budget and concentra-
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tion of HoO4 in Europe and the Northeast United States
depend critically on the inclusion of the HyO2 sink asso-
ciated to oxidation of SO2. We suggest that more effort
should be made to measure and monitor the concentra-
tions of hydrogen peroxide over polluted regions, and to
assess quantitatively the sources and sinks of this species.

It also appears that, in a few cases, sulfate mixing
ratios are overpredicted in the upper troposphere when
compared with measurements made during the PEM cam-
paigns. For the other species (DMS, SOs, and H205),
the modelled vertical profile were generally in agreement,
sometimes in disagreement with the PEM measurements,
but there is no evidence for any systematic bias in the
model.

While some improvements are still needed, we feel that
this model is now a useful tool to investigate issues related
to heterogeneous chemistry and to the climatic effects of
natural DMS emissions and anthropogenic sulfate. In the
near future we also plan to run our model in nudged mode
and perform further evaluation against observations from
field campaigns.
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