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Abstract

Dimethylsulfide (DMS) is the main biogenic sulfur compound in the atmosphere. DMS is
mainly produced by the marine biosphere and plays an important role in the atmospheric
sulfur cycle. It has been proposed that DMS is linked to the global climate through a
negative biogeochemical feedback cycle stabilizing the Earth against global warming. This
so-called CLAW hypothesis initiated extensive research and improved the understanding
of many aspects of the biogeochemical sulfur cycle. However, the overall magnitude and
even the sign of this feedback cycle are still open questions in present-day research.

The objectives of this work are to study the DMS cycle in the ocean and atmosphere and
to investigate its response to anthropogenic perturbations. The novelty of this study is
the coupling of the relevant components. A global coupled ocean-atmosphere circulation
model was established with a fully coupled prognostic treatment of DMS in the ocean,
its flux into the atmosphere, and the resulting sulfur concentrations in the atmosphere.
The DMS cycle in the ocean is linked to plankton dynamics simulated in the marine
biogeochemistry model HAMOCCS5, which is embedded in an ocean general circulation
model (MPI-OM). The atmospheric model ECHAMS5 is extended by the microphysical
aerosol model HAM, treating the sulfur chemistry in the atmosphere and the evolution
of the microphysically internally- and externally mixed aerosol population.

In order to evaluate the established modeling system, a climatological mean simulation
was performed and compared to available measurements. Thereby, aerosol and aerosol-
precursor emissions were set to conditions representative for the year 2000. The simulated
global annual mean DMS sea surface concentration is 1.8 nmol 17!, The DMS emission
amounts to 28 Tg(S) yr™!, resulting in a DMS burden of the atmosphere of 0.077 Tg(S),
and a DMS lifetime of 1.0 days. DMS contributes 25% to the global annually averaged
SO, column burden and 27% to the SO7~ column burden. The global distribution of
DMS sea surface concentrations compares reasonably well with measurements. In the
marine biological active season SO?~ surface concentrations are overestimated in regions
were DMS is the main SO?~ precursor. As the DMS sea surface concentrations are in
agreement with the observations, the most likely explanation is a missing chemical reaction
mechanism in the atmosphere preventing the formation of SO~ from DMS oxidation.
The response of the DMS cycle to global warming was investigated in a transient climate
simulation from 1860 to 2100. The results were analyzed in terms of simulated changes
between the periods 1861-1890 and 2061-2090. The global annual mean DMS sea surface
concentration and DMS flux decrease by 10% in a warmer climate. Thereby, the response
to global warming is largely driven by changes in the ocean dynamics, such as an enhanced
ocean stratification causing a reduction in marine net primary production and a decrease
in the DMS production in the ocean. The DMS burden in the atmosphere is reduced
by 3%, owing to a 7% longer lifetime of DMS in the atmosphere in a warmer climate.
The simulated decrease in the DMS emission and atmospheric DMS concentrations in a
warmer climate is in contrast to the proposed negative feedback in the CLAW hypothesis,
in which increasing DMS emissions in a warmer climate constitute a key mechanism.
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Zusammenfassung

Dimethylsulfid (DMS) ist die bedeutendste Schwefelspezies aus biogenen Quellen und
nimmt eine wichtige Rolle im Atmospharen-Schwefelkreislauf ein. Die Hauptquelle von
DMS stellt die marine Biosphare dar. Es wurde postuliert, dass DMS das Klima be-
einflusst und dabei eine regulierende Rolle einnimmt. Diese regulierende Rolle von DMS
beruht auf einem negativen Riickkopplungseffekt, welcher die Erde gegen eine globale
Erwarmung stabilisieren kann. Diese Hypothese wird oft als CLAW-Hypothese zitiert. Sie
initiierte eine Vielzahl wissenschaftlicher Studien, die zu dem heutigen Verstandnis vieler
Aspekte des biogeochemischen Schwefelkreislaufes beigetragen haben. Trotzdem ist es bis
heute nicht gelungen weder die Stiarke noch das Vorzeichen dieses Riickkopplungseffektes
zu bestimmen.

Die Zielsetzung dieser Arbeit ist es, den DMS-Kreislauf im Ozean und in der Atmosphére
zu simulieren sowie die Wechselwirkung mit einer globalen Klimaerwarmung abzuschatzen.
Zu diesem Zweck wurde ein globales Ozean-Atmospharen-Modell entwickelt, welches so-
wohl die Produktion von DMS im Ozean als auch die resultierende Emission und die
daraus resultierenden Schwefelkonzentrationen in der Atmosphére berechnet. Die DMS-
Produktions- und Zerfallsprozesse im Ozean werden mit der im marinen Biogeochemie-
Modell HAMOCCSH5 simulierten Planktondynamik verkniipft. HAMOCCS ist dabei ein
Bestandteil des globalen Ozean-Zirkulationsmodells MPI-OM. Das Atmospharenmodell
ECHAMS5 wird in einer um das Aerosolmodell HAM erweiterten Form verwendet, welches
die Schwefelchemie der Atmosphére und die Entwicklung mikrophysikalischer, intern und
extern gemischter Aerosolpopulationen umfasst.

Fiir eine Evaluierung des entwickelten Modellsystems wurde eine Klimasimulation durch-
gefithrt und mit vorhandenen Messungen verglichen. Dabei wurden fiir das Jahr 2000
reprasentative Aerosol- und Aerosolvorlauferemissionen verwendet. Die simulierte glo-
bale DMS-Konzentration im Oberflichenwasser des Ozeans betragt im Jahresmittel 1,8
nmol 1!, Die DMS Emission belduft sich auf 28 Tg(S) yr ! und fiihrt zu einer DMS-
Gesamtmasse in der Atmosphére von 0,077 Tg(S) bei einer Verweildauer von 1,0 Tagen.
DMS trigt dabei zu 25% zur absoluten SO, - Masse und zu 27% zur absoluten SO~ -
Masse in der Atmosphére bei. Die simulierte globale Verteilung der DMS-Konzentration
im Oberflichenwasser des Ozeans ist in Ubereinstimmung mit den Messdaten. Dagegen
iiberschiitzt das Modell in Gebieten mit einem hohen Beitrag von DMS an der SO% ™ -
Masse die gemessenen SO3~ Bodenkonzentrationen in der biologisch aktiven Jahreszeit.
Da die DMS-Konzentrationen im Oberflichenwasser des Ozeans mit den Messdaten gut
{ibereinstimmen, ist die wahrscheinlichste Erklirung fiir diese Uberschitzung eine nicht
beriicksichtigte Reaktion in der Atmosphire, die eine Bildung von SO3~ durch die DMS-
Oxidation verhindert.

Um die Rolle des DMS-Kreislaufes in einem warmeren Klima zu untersuchen, wurde eine
transiente Klimasimulation fiir die Jahre 1860 bis 2100 durchgefiithrt. Hauptsachlich wur-
den die Anderungen zwischen den beiden Perioden 18611890 und 2061-2090 betrachtet.
Sowohl die globale DMS-Konzentration der Meeresoberfliche als auch die DMS Emis-
sion sind in einem global wiarmeren Klima um 10% im Jahresmittel verringert. Diese
Verringerung wird hauptsiichlich von Anderungen in der Ozeandynamik verursacht. So
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bewirkt ein warmeres Klima eine starkere Stratifizierung des Ozeans, was wiederum den
Nahrstofftransport in die obersten Ozeanschichten stark vermindert. Weniger Nahrstoffe
reduzieren die marine biologische Primarproduktion und verringern somit die DMS-Pro-
duktion im Ozean. Die DMS-Gesamtmasse in der Atmosphére wird um 3% vermindert,
was auf eine Zunahme der Verweildauer in einem warmeren Klima um 7% zuriickzufiihren
ist. Eine Abnahme der DMS-Emissionen und der DMS-Gesamtmasse in der Atmos-
phéire in einem warmeren Klima steht im Gegensatz zu dem angenommenen negativen
Riickkopplungseffekt der CLAW-Hypothese, in der ein wichtiger Mechanismus die Zu-
nahme der DMS-Emission in einem warmeren Klima darstellt.
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Chapter 1

Introduction

The Earth system comprises physical, biological, chemical, and human components. Com-
plex feedback processes within the Earth system are hypothesized to arise a self-regulating
system which maintains conditions that allow for the habitability of life on Earth (Love-
lock et al., 1972). Feedback processes are highly important for the understanding and
prediction of the climate change caused by anthropogenic perturbations. Their treatment
is causing the largest uncertainties in the assessments of the climate response to anthro-
pogenic forcing.

A process is called a feedback when its result affects the process-initiating mechanism
thereby intensifying (positive feedback) or reducing (negative feedback) the strength of
the process. Feedback processes in the Earth’s climate system can involve physical climate
processes (physical feedback) or biological, geological, or chemical processes (biogeochem-
ical feedback). One possible negative biogeochemical feedback has been proposed by
Charlson et al. (1987). This feedback mechanism operates by coupling the marine bio-
sphere, the ocean, and the atmosphere through the marine biogenic sulfur compound
dimethylsulfide (DMS, CH3SCHj3).

This chapter outlines the concept of the DMS associated feedback. It separates between
the DMS cycle in the ocean, the oceanic DMS emission, and the DMS cycle in the atmo-
sphere. Connections to other physical and biological processes are addressed and recent
results in global modeling approaches of the DMS cycle in the ocean and the DMS cycle
in the atmosphere are summarized. Finally, the objectives of this study are defined and
an outline of the thesis is given.

1.1 The DMS-cloud albedo feedback

A negative biogeochemical feedback process has been proposed by Charlson et al. (1987).
It involves marine phytoplankton, sulfate aerosol formation, and cloud albedo, as illus-
trated in Figure 1.1. This feedback is often referred to as the CLAW hypothesis after the
names of its four authors (Charlson, Lovelock, Andreae and Warren).

DMS is produced by phytoplankton and is the most abundant chemical form in which
the ocean releases gaseous sulfur. Current estimates of the global marine DMS emissions
range from 16 up to 54 Tg(S) yr! (Kettle and Andreae, 2000). A minor source of DMS
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Figure 1.1: CLAW hypothesis: The DMS-cloud albedo feedback after Charlson et al.
(1987).

is the terrestrial biosphere, including emissions from soils (0.05 Tg(S) yr~" (Spiro et al.,
1992)) and vegetation (0.86 Tg(S) yr=' (Spiro et al., 1992)). Other sulfur emissions are
SO, emissions from anthropogenic sources (60-100 Tg(S) yr—! for 1985 (Benkovitz et al.,
1996)), from volcanoes (6-20 Tg(S) yr—! (Andres and Kasgnoc, 1998)), and from biomass
burning (1-6 Tg(S) yr—! for 1990 (Spiro et al., 1992)). In the Southern Hemisphere, where
anthropogenic sulfur emissions are low, DMS is the major sulfur source (Gondwe et al.,
2003).

In the atmosphere, DMS is oxidized to SO,. SO, itself reacts with OH to produce SO?~
which can nucleate to sulfate aerosol particles. Sulfate aerosol particles influence the radi-
ation budget of the atmosphere either directly by the scattering of solar radiation (direct
aerosol effect, e.g. Angstroem (1962)) or indirectly by acting as cloud condensation nuclei
(CCN), modifying cloud properties and the hydrological cycle. Indirect effects are initi-
ated by an extra supply of cloud condensation nuclei (CCN). Increases in CCN number
concentrations lead to a formation of smaller cloud droplets for a constant liquid water
path which in turn increases the cloud albedo (cloud albedo effect, (Twomey, 1974, 1977)).
Another consequence is that the formation of smaller cloud droplets inhibits precipitation
development, thereby increasing the cloud lifetime (cloud lifetime effect, Albrecht (1989)).
Both changes in cloud albedo and cloud lifetime result in global temperature and radiative
perturbations. These are potentially affecting the productivity of the marine biosphere
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and hence the concentration of oceanic DMS and subsequently its emission into the at-
mosphere which closes the proposed feedback loop. Charlson et al. (1987) proposed that
this feedback is negative and can stabilize the Earth against global climate warming by
assuming that a warmer climate leads to an increase in the DMS production in the ocean.
They assume that an increase in oceanic DMS production increases DMS emissions and
raises atmospheric DMS concentrations. This enhances the formation of sulfate aerosol
particles and the number concentration of CCNs. A greater abundance of CCNs could
then lead to brighter and longer lived clouds. This optical depth enhancement is expected
to cool the Earth surface resulting in a negative feedback process.

Charlson et al. (1987) state in their hypothesis that several factors can cause a change in
DMS emissions in a warmer climate:

e Reduced sea ice coverage will increase the area available for gas exchange.

e Ecological changes can alter the abundance of phytoplankton species which effi-
ciently produce DMS.

e Changes in the wind fields affect the DMS flux.

e Assuming from observations that the DMS production is highest in tropical regions,
increasing sea surface temperatures might enhance DMS production.

However, the oceanic and atmospheric processes involved in this multistep feedback mech-
anism are more complex. Many key issues in this feedback process are still poorly under-
stood, in particular the processes which regulate the DMS seawater concentration (An-
dreae and Crutzen, 1997; Liss et al., 1997; Gabric et al., 2001; Vézina, 2004). Traditionally,
the DMS cycles in the atmosphere and in the ocean have been assessed independently. As
a consequence, it has not been possible to assess the strength of the proposed feedback or
even to anticipate if this feedback is negative (stabilizing) or positive (intensifying), since
it is not known yet if in a warmer climate DMS emissions would increase or decrease.
However, significant progress has been made in the last years to understand many of the
mechanisms involved.

1.2 DMS cycle in the ocean

The major processes of the DMS cycle in the ocean are illustrated in Figure 1.2. Enzy-
matic decomposition of dimethylsulfonium propionate (DMSP) is the primary source of
DMS in seawater with DMSP being released from phytoplankton by a variety of mecha-
nisms. The biological function of DMSP and especially of its degradation to DMS is still
not clear. It has been suggested that the physiological function of DMSP is related to
maintaining intracellular osmotic pressure (Vairavamurthy et al., 1985). Other suggested
physiological functions of DMSP in marine algae are that it may act as a cryoprotectant
(Kirst et al., 1991; Stefels, 2000) and serves as an antioxidant system (Sunda et al., 2002).
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Figure 1.2: Schematic of the DMS cycle in the ocean.

DMSP is widespread among taxa but seems to be particularly abundant in specific groups,
including coccolithophorids, like Emiliania huxleyi. Other groups, like the diatoms, are
generally poor producers of DMSP (Keller et al., 1989).

Among other factors, DMSP release into the water is assumed to be controlled by phyto-
plankton senescence (Nguyen et al., 1990; Kwint and Kramer, 1995), viral lysis of phyto-
plankton cells (Malin et al., 1998), and zooplankton grazing (Dacey and Wakeham, 1986).
Dissolved DMSP is degraded to DMS via enzymatic cleavage carried out by algal or bac-
terial DMSP lyase (Steinke et al., 2002; Yoch et al., 1997). A large fraction of DMSP is
consumed by bacteria and does not lead to the production of DMS (Kiene, 1996). Kiene
et al. (2000) hypothesized that the sulfur-demand of bacteria determines the proportion
of DMSP that is processed through this demethylation pathway, rather than being con-
verted by enzymatic degradation to DMS.

Consumption by bacteria is the major sink for DMS in seawater (Kiene and Bates, 1990;
Dacey and Wakeham, 1986). Chemical oxidation of DMS to dimethyl sulfoxide (DMSO)
in seawater and ventilation to the atmosphere contribute only a minor part to the total
DMS removal in seawater (e.g. Shooter and Brimblecombe, 1989; Kieber et al., 1996; Bates
et al., 1994; Gabric et al., 1993). Consequently, there is a potential for a substantially
higher DMS sea-air flux under different climatic conditions.

As DMS is produced by phytoplankton, the DMS production is largely controlled by
plankton dynamics which in turn are linked to the ocean dynamics. Sunlight and nu-
trients are the primary factors regulating phytoplankton growth. Light attenuates very
rapidly with depth in the ocean, thus phytoplankton growth takes only place in the upper
part of the ocean (euphotic zone) where insolation is sufficient for photosynthesis (pri-
mary production). The mixed layer depth (MLD) of the ocean determines the supply of
nutrients into the euphotic zone, but also the mixing of phytoplankton itself is important
for primary production. The shallower MLLD in spring in high latitudes, due to the warm-
ing of the surface waters, keeps phytoplankton in the euphotic zone and initiates primary
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production. Most of the phytoplankton in the euphotic zone is grazed by zooplankton and
the nutrients comprising their biomass are remineralized within the upper surface layers
of the ocean. However, a part of the primary production is exported out of the euphotic
zone (export production), either trough the settling of dead cells and fecal matter (de-
tritus) or through oceanic advection. Sinking detritus remineralizes and brings nutrients
into the deep sea. Upwelling of deep water brings nutrients back into the euphotic zone
and closes the so-called biological pump of the ocean.

Several attempts were made to correlate DMS sea surface concentrations with other bi-
ological quantities such as chlorophyll « concentrations (Kettle et al., 1999). Mainly the
fact that DMSP intracellular concentrations vary widely between different phytoplankton
species eliminates such simple empirical relationships (Keller et al., 1989). Therefore,
DMS sea surface concentrations can be only assessed by marine biological model ap-
proaches accounting for the plankton dynamics in the ocean.

1.3 DMS sea air exchange

DMS sea-air fluxes may vary by orders of magnitude in space and time. The sea-air flux
can be estimated from
F =k, (Cy—Cox Kg') (1.1)

which is the product of the air-sea gradient (DMS sea surface concentration, C,,, minus
atmospheric DMS concentration, C,), corrected by the solubility constant, Ky, and a
generally empirically determined exchange rate, k,. DMS exhibits a strong concentration
gradient across the air-sea interface, resulting in an ever present DMS flux out of the
ocean.
Even when the DMS sea surface concentrations are known, it remains difficult to cal-
culate the DMS flux because of the uncertainties of the exchange rate across the water
surface (Wanninkhof, 1992). The exchange rate is usually parameterized as a function of
temperature and wind speed based on laboratory and lake tracer experiments (e.g. Wan-
ninkhof, 1992; Wanninkhof and McGillis, 1999; Liss and Merlivat, 1986; Nightingale et al.,
2000; McGillis et al., 2000; Zemmelink et al., 2002), although the physical nature of the
exchange rate remains poorly understood. A common parameterization of the exchange
rate is of the form

kyw=a U*Sc" (1.2)

where Sc is the dimensionless Schmidt number (ratio of the kinematic viscosity of water
and the molecular diffusivity of the gas) and U the 10m wind speed. The Sc¢ exponent, n,
characterizes the surface conditions (smooth water surface or rough water surface). Esti-
mates of the wind speed exponent, z, range from a linear to a cubic behavior in U (Liss
and Merlivat (1986) and Wanninkhof and McGillis (1999), respectively). The coefficient,
a, varies by a factor of 2 between the two most commonly applied parameterizations, Liss
and Merlivat (1986) and Wanninkhof (1992), and by a factor of 3 between parameteri-
zations that are based on direct measurements of the exchange rate (Zemmelink et al.,
2002). According to Nightingale et al. (2000), the uncertainties in the global DMS flux
associated with uncertainties in the exchange rate are approximately 50%.
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1.4 DMS cycle in the atmosphere

It is well-established that OH and NOj react with DMS in the atmosphere and that SO,
and methane sulfonic acid (MSA) are among the major reaction products of DMS ox-
idation (e.g. Capaldo and Pandis, 1997; Seinfeld and Pandis, 1998). Additional stable
reaction products are dimethyl sulfoxide (DMSO) and dimethyl sulfone (DMSO,). How-
ever, many aspects of the DMS oxidation in the atmosphere are poorly understood (e.g.
Campolongo et al., 1999; Andreae and Crutzen, 1997). For example, halogen oxide rad-
icals (e.g. BrO, IO, ClO) are also known to react with DMS in the atmosphere, but the
importance of these reactions is still very uncertain (Sayin and McKee, 2004).

A key link in the proposed feedback between DMS and climate is the nucleation of DMS
derived sulfuric acid into new particles and eventually the formation of new cloud conden-
sation nuclei (Charlson et al., 1987). However, particle formation due to the nucleation of
DMS derived sulfuric acid in the marine boundary layer is still under debate (Yoon and
Brimblecombe, 2002).

Only a fraction of SO, derived from DMS oxidation is further oxidized by OH to form
SO%" which can nucleate homogeneously or condenses onto existing particles, another
fraction is oxidized in clouds and forms SO?~ which condenses onto existing particles, the
rest is deposited. In the remote marine boundary layer, where DMS is the main precur-
sor for SO3~ the condensation of SO?~ onto sea salt aerosols suppresses the efficiency
of the nucleation of sulfuric acid. Measurements indicate that a significant fraction of
the conversion of DMS derived SO, to sulfate occurs on or in sea-salt particles over the
ocean and therefore does not lead to new particle production (Clegg and Toumi, 1998).
Therefore, changes caused by increasing wind speed leading to higher DMS emissions but
also higher sea salt emissions might not necessarily lead to higher sulfate aerosol particle
nucleation rates. Direct evidence for the contribution of SO, derived from DMS oxidation
to CCN production is provided by measurements over the South Atlantic, at Cape Grim,
and at Amsterdam Island which show a strong correlation between DMS emission, the
concentration of total aerosol particles, and CCN (Putaud et al., 1993; Andreae et al.,
1995, 1999; Ayers and Gillett, 2000). Such findings are by no means generally applicable.
Several investigators found no or only sporadic correlation between DMS and non sea salt
sulfate, CN or CCN (Bates et al., 1992; Berresheim et al., 1993).

Box-model studies and observations in the clean marine boundary layer (MBL) have
highlighted that aerosol number concentrations in the MBL are strongly influenced by
the entrainment of aerosols from the free troposphere (Capaldo et al., 1999; Raes, 1995;
Bates et al., 1998). Based on these findings, Shaw et al. (1988) proposed an alternative
climate stabilizing feedback loop, which incorporates biogenic sulfur pumped from the
MBL into the free troposphere by deep convection where it nucleates to sulfate aerosol
particles. These free troposphere sulfate aerosol particles are entrained back into the MBL
where they influence cloud albedo by serving as CCN. An increase in the sea surface tem-
perature leads to an increased frequency and intensity of convection thereby increasing
the formation of free tropospheric sulfate aerosol particles. This leads to a higher CCN
number concentration, a higher cloud albedo, and subsequently a reduced sea surface
temperature which in turn leads to reduced convection. This negative feedback mecha-



1.5 Connections to other biological and physical processes 13

nism results solely from changes in convective transport and does not require the marine
biosphere to increase DMS emissions in response to climate warming as proposed in the
CLAW hypothesis.

1.5 Connections to other biological and physical pro-
cesses

Many of the proposed mechanisms in the CLAW hypothesis are linked to other biological
and physical processes which are likely to change under changing climatic conditions. A
wide range of factors is known to influence DMS production in the ocean. Iron for example
is one nutrient that affects DMS production. In situ iron fertilization experiments have
revealed an influence of iron enrichment on DMS concentrations. Turner et al. (1996)
found an increase in DMS sea surface concentration by a factor of 3.5 in the IronEx II
iron enrichment experiment. They speculate that iron entrainment stimulates the synthe-
sis of DMSP in phytoplankton. The primary source of oceanic iron is the deposition of
mineral dust aerosols from the atmosphere onto the ocean’s surface. Changes in climate
will alter the aeolian dust input (Tegen et al., 2004) which may alter the DMSP content
of phytoplankton cells. Additionally, the iron surface concentration has a direct impact
on the planktonic productivity by limiting phytoplankton growth in some oceanic regions
(most prominent in the ‘high nitrate-low chlorophyll regions’ such as the equatorial Pa-
cific Ocean (Coale et al., 1996) and the Southern Ocean (Boyd et al., 2000)). Sunda
et al. (2002) demonstrated that intracellular DMSP concentrations dramatically increase
under conditions of acute oxidative stress such as exposure to high levels of ultraviolet
radiation. This response may also provide a feedback via the DMS production in response
to anthropogenic forcing, because solar ultraviolet radiation will change as a consequence
of the observed changes in stratospheric ozone concentrations (Harder et al., 1995).

The response of oceanic biota to climate change is a possible shift in the species compo-
sition of phytoplankton (Orr et al. (2005), Bopp et al. (2005)). This has an impact on
DMS production from phytoplankton as the DMSP content of phytoplankton cells differs
markedly between different phytoplankton groups (Keller et al., 1989).

Anthropogenic activities change aerosol and aerosol precursor emissions (IPCC, 2001).
Stier et al. (2004) showed in a global microphysical aerosol modeling study that specific
emission changes cause changes in aerosol cycles of other components, confirming a mi-
crophysical coupling between the different aerosol cycles. To account for these effects,
sulfate aerosol particles derived from DMS oxidation have to be studied as a part of the
complex global aerosol system.

A range of physical processes has a direct impact on the DMS cycle both in the at-
mosphere and in the ocean. For example, changes in the ocean stratification caused
by climate change will influence marine productivity (Denman et al. (1996), Cox et al.
(2000), Bopp et al. (2001), Boyd and Doney (2002), Sarmiento et al. (2004)). Changes
in the wind speed will directly affect the DMS emissions into the atmosphere. In the
atmosphere, changes in oxidant concentrations, caused by changes in anthropogenic emis-
sions and global warming (Johnson et al., 1999; Gauss et al., 2003), will alter the oxidative
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capacity of the atmosphere and therefore the DMS oxidation efficiency (Pham et al., 2005).

1.6 Global modeling

DMS and its oxidation products in the atmosphere are short-lived species. Therefore,
it is necessary to resolve the temporal and spatial distribution of the DMS sea surface
concentration on a global scale to investigate its impact on the climate system. The
following section gives an overview of recently developed DMS sea surface concentration
climatologies. Some of these climatologies rely on empirical descriptions and were applied
in climate change simulations.

1.6.1 DMS climatologies

Several studies focused on building up climatologies of the global distribution of DMS in
the sea surface water. Belviso et al. (2004a) compared seven recently developed global
DMS monthly climatologies (Kettle et al., 1999; Kettle and Andreae, 2000; Anderson
et al., 2001; Aumont et al., 2002; Simé and Dachs, 2002; Chu et al., 2003; Belviso et al.,
2004b). The studies of Kettle et al. (1999), Kettle and Andreae (2000), Anderson et al.
(2001), and Sim6 and Dachs (2002) all rely on the Kettle et al. (1999) database which
consists of almost 16,000 DMS sea surface measurements. Kettle et al. (1999) and Kettle
and Andreae (2000) derived monthly mean maps on a 1° by 1° basis from the database
by a complex interpolation and extrapolation procedure in regions where no data were
available. Anderson et al. (2001) and Sim6 and Dachs (2002) used only the data points out
of the Kettle et al. (1999) database with concurrent chlorophyll oz and DMS sea surface
measurements, which reduces the amount of data points to around 2600. Anderson et al.
(2001) extended the resulting database by information about incoming light and nutrient
abundance to derive a simple empirical relationship between DMS, chlorophyll «, light,
and nutrients. Simé and Dachs (2002) extended the concurrent DMS and chlorophyll
a measurements by information about the mixed layer depth (MLD) to derive a two
equation algorithm which calculates the DMS sea surface concentration from the MLD
and the chlorophyll o concentration. Aumont et al. (2002) and Belviso et al. (2004b) used
a prognostic nonlinear parameterization to compute DMS sea surface concentrations from
chlorophyll o concentrations together with an index of the community structure of marine
phytoplankton. Their DMS parameterization was derived from data taken at several DMS
surveys carried out in various areas of the Atlantic Ocean, the Mediterranean Sea, and
the Indian part of the Southern Ocean. Aumont et al. (2002) applied estimated values for
the trophic state and the chlorophyll o concentration from an ocean carbon cycle model
to predict DMS sea surface concentration. Belviso et al. (2004b) applied the chlorophyll «
concentration derived from SeaWIFS (Sea-viewing Wide Field-of-view Sensor) data. Only
the approach of Chu et al. (2003) is based on a prognostic biogeochemical formulation for
DMS production and DMS removal in the ocean based on the regional work of Gabric et al.
(1993). Comparing these climatologies, Belviso et al. (2004a) found relative uncertainties
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for the zonal and annual mean differences ranging from 50% in the tropical and temperate
regions to nearly 100% in high latitudes.

1.6.2 DMS emission response to climate change calculated in
global climate models

Several modeling studies have attempted to model the DMS gas exchange between at-
mosphere and ocean based on prescribed DMS sea surface concentrations. Most global
model studies used the Kettle and Andreae (2000) climatology (e.g. Boucher and Pham,
2002; Jones et al., 2001; Berglen et al., 2004; Gondwe et al., 2003; Rotstayn and Lohmann,
2002). Up to now, none of the global atmospheric model studies included a description
of the DMS cycle in the ocean. Therefore, the response of the DMS emission to climate
change could be only assessed through changes in the sea-air exchange rate which varies
with wind speed and temperature. Penner et al. (2001) showed a small increase in DMS
emissions between 2000 and 2100 (from 26.0 Tg(S) yr—! to 27.7 Tg(S) yr') using a con-
stant DMS sea surface concentration field (Kettle et al., 1999) together with a constant
monthly climatological ice cover. The gas exchange rates were calculated interactively in
the simulation, based on wind speed and sea surface temperature. However, DMS sea
surface concentrations are controlled by marine biology, which is affected by variables
such as solar irradiance, temperature, and ocean dynamics. These variables are likely to
vary under changing climatic conditions.

Only recently the response of DMS sea surface concentration to global warming has been
studied in global ocean models based on empirical relationships. Bopp et al. (2003) applied
the DMS formulation given by Aumont et al. (2002) in a transient climate simulation,
assuming a 1% increase in atmospheric CO5 concentrations per year. They find a small
increase in the global annual DMS flux (+2%) with considerable large spatial variability
up to the year 2080 (equivalent to an atmospheric CO, doubling). Bopp et al. (2004)
introduced these changes of the DMS flux in an atmospheric model, which includes a
sulfur chemistry scheme, and calculated the response of the radiative forcing. They find
a radiative perturbation resulting from DMS induced changes in the cloud albedo of -
0.05 Wm ™2 representing only a small negative feedback on global warming. The DMS
algorithm given by Simé and Dachs (2002) was used by Gabric et al. (2004) to calculate
DMS emissions for present-day conditions and climate conditions equivalent to a tripling
of atmospheric CO, concentrations. In a warmer climate they find an increase in the
DMS flux of 14%, predominantly caused by a decrease of the MLD in the high latitudes
of the Southern Hemisphere. This result is a consequence of their assumption that DMS
concentrations are inversely correlated with the MLD. However, whether this assumption
is still valid under changing climate conditions is questionable. Factors like changes in the
nutrient supply (either from modifications in upwelling or Aeolian deposition) or changes
in the phytoplankton species composition are not taken into account in their study.
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1.7 Objectives and outline of this thesis

The aim of this work is to study the DMS cycle in the ocean and in the atmosphere and its
response to anthropogenic perturbations. As the DMS climate interactions are governed
by multicompartment (atmosphere, ocean, biogeochemistry) feedback processes, a com-
prehensive global modeling system including the ocean, the marine biogeochemistry, the
atmosphere, and the aerosol system has been established. Production and consumption of
DMS are simulated in the ocean as part of the marine biogeochemistry model HAMOCCS5.
Embedded in the global ocean general circulation model MPI-OM, HAMOCCS5 includes
a biological production scheme simulating plankton dynamics on a global scale. Processes
taken into account are DMS production by phytoplankton, DMS consumption by bacteria,
photo-oxidation of DMS into DMSO, and the DMS flux into the atmosphere. Parameters
which are undetermined are derived from a fit of the simulated DMS sea surface concen-
trations to observed DMS sea surface concentrations reported in the Kettle and Andreae
(2000) database. The simulated oceanic DMS flux into the atmosphere is then passed
to the atmosphere model (ECHAMS5). The atmosphere model includes a sulfur chem-
istry scheme and an aerosol microphysics model (HAM) which calculate the atmospheric
concentrations of DMS, SO, in-cloud and gas phase oxidation to SO?", the distribution
of in-cloud formed SO3~ and the condensation of gas-phase formed SO%  on pre-existing
particles, as well as the formation of sulfate aerosol particles. Besides sulfate, the aerosol
model treats the major global aerosol compounds: black carbon, particulate organic mass,
sea salt, and mineral dust. Sea salt and mineral dust emissions are calculated interac-
tively in the model. This provides the means to apply this model for long-term climate
change simulations including the effects of varying dust depositions, caused by climate
change, on the marine biogeochemistry and on DMS emissions. For the transient sim-
ulation the cloud-microphysical scheme includes the nucleation of could droplets which
is parameterized depending on the aerosol number concentration, size distribution and
vertical velocity (Lohmann et al., 1999).

To assess the role of DMS in the climate system, it is essential to treat the DMS cycle in-
teractively in the ocean-atmosphere system because the proposed DMS-climate feedback
is a multi-compartment feedback. This is the first time that the DMS cycle in the ocean
and in the atmosphere are simulated in a consistent coupled model setup.

The major objectives of this study are to:

e Establish a modeling system of the DMS cycle in the ocean and in the atmosphere
which simulates realistically and dynamically consistent DMS sea surface concen-
trations, DMS emissions, and DMS concentrations in the atmosphere.

A climatological mean simulation is performed and evaluated with available mea-
surements. Up to now it is not possible to measure the DMS flux into the atmo-
sphere directly. However, the treatment of DMS in the ocean and in the atmosphere
provides the means to evaluate the simulated DMS flux into the atmosphere. To
overcome the lack of DMS measurements in the atmosphere, SO~ measurements
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in regions where DMS is the main precursor are taken into account.

e Investigate the response of the DMS sea surface concentration, the DMS fl-x, and
the DMS concentration in the atmosphere to climate change caused by increasing
anthropogenic activities.

The coupled model setup has been applied in a transient climate simulation at-
tempting to simulate the period from 1860 to 2100 with increasing greenhouse gas
concentrations and aerosol and aerosol precursor emissions. The results are ana-
lyzed in terms of changes in the biological production and subsequent changes in
the DMS production in the ocean, DMS sea surface concentration, DMS emission,
and DMS concentration in the atmosphere. The main question addressed here is
whether a warmer climate leads to an increase or a decrease in DMS emissions. This
is the most uncertain link in the CLAW hypothesis. The prognostic formulation of
the DMS cycle in the ocean enables us to investigate this key link.

The thesis is organized as follows: in Chapter 2 the modeling system is introduced. Results
of a climatological mean simulation are presented and discussed in Chapter 3 (these results
are published in Biogeosciences (Kloster et al., 2006)'). Perturbations in DMS quantities
based on results of a transient climate simulation are presented in Chapter 4 (these results
have been submitted to Global Biogeochemical Cycles?). Chapter 5 concludes the major
findings and Chapter 6 gives an outlook on future work and challenges.

Ipublished as: S. Kloster, J. Feichter, E. Maier-Reimer, K.D. Six, P. Stier and P. Wetzel, DMS cycle
in the marine ocean-atmosphere system - a global model study, Biogeosciences, 3, 29-51, 2006.

Zsubmitted as: S. Kloster, J. Feichter, E. Maier-Reimer, E. Roeckner, P. Stier, P. Wetzel, K.D. Six
and M. Esch, Response of DMS in the ocean and atmosphere to global warming, to Global Biogeochem.
Cycles.
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Chapter 2

Model description

Atmosphere GCM Ocean GCM
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Figure 2.1: Schematic overview of the model setup applied in this study.

The model used in the experiment is a coupled atmosphere-ocean general circulation model
(AOGCM). The AOGCM consists of sub-models which correspond to the atmosphere
(ECHAM5) and the ocean (MPI-OM). The atmospheric model includes a microphysi-
cal aerosol model (HAM) which simulates the evolution of a microphysically interacting
internally- and externally mixed aerosol population as well as their size-distribution and
chemical composition. Embedded in the ocean model is a marine biogeochemistry model
(HAMOCCS5) which has been extended by a formulation of the DMS cycle in the ocean.
A schematic overview of the model setup is given in Figure 2.1. The individual model
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components are described in the following sections.

2.1 The MPI-OM general circulation model

The ocean component is the Max-Planck-Institute ocean model (MPI-OM) (Marsland
et al., 2003). MPI-OM is a z-coordinate global general circulation model based on the
primitive equations for a Boussinesq-fluid on a rotating sphere. The transport is computed
with a total variation diminishing (TVD) scheme (Sweby, 1984). It includes parameteriza-
tions of sub-grid scale mixing processes like isopycnal diffusion of the thermohaline fields,
eddy induced tracer transport following Gent et al. (1995), and a bottom boundary slope
convection scheme. The model treats a free surface and a state of the art sea ice model
with viscous-plastic rheology and snow (Hibler, 1979). The model works on a curvilinear
orthogonal C-grid. In this study, we use a nominal resolution of 1.5 ° at the equator with
one pole located over Greenland and the other over Antarctica. In the vertical, the model
has 40 levels with level thickness increasing with depth. Eight layers are located within
the upper 90 m and 20 layers within the upper 600 m.

2.2 The marine biogeochemistry model HAMOCC5

The marine biogeochemistry component is the Hamburg Oceanic Carbon Cycle Model
(HAMOCCS5) (Maier-Reimer et al., 2005; Six and Maier-Reimer, 1996; Maier-Reimer,
1993). HAMOCCS5 simulates the biogeochemical tracers in the oceanic water column and
the sediment. The model is coupled online to the circulation and diffusion of the MPI-
OM ocean model and runs with the same time step and resolution. Figure 2.2 shows a
schematic overview of the marine eco-system as simulated in HAMOCCS5. The eco-system
model is based on nutrients, phytoplankton, zooplankton and detritus (NPZD-type) as
described in Six and Maier-Reimer (1996). In addition, new elements like nitrogen, dis-
solved iron and dust are accounted for and new processes like denitrification, nitrogen
fixation, dissolved iron uptake and release by biogenic particles, and dust deposition and
sinking are implemented as described in detail in Wetzel (2004). The dust deposition to
the ocean surface is calculated online in the ECHAMS5-HAM model and passed to the
marine biogeochemistry model HAMOCCH once per day. Bioavailable iron is released in
the ocean surface layer immediately after deposition of dust.

Photosynthesis and zooplankton grazing are restricted to the upper 100 m of the water
column (euphotic zone) where insolation is sufficient to support net productivity. Be-
low the euphotic zone all organic matter ultimately remineralizes to nutrients. Limiting
nutrients within HAMOCC5.1 are phosphate, nitrate, and iron. HAMOCC5 considers
only one phytoplankton pool, but links the export of detritus to the export of calcium
carbonate and particulate silicate and separates thereby indirectly between diatoms and
coccolithophorids.
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Figure 2.2: Simplified schematic overview of the marine eco-system simulated by
HAMOCC5 (adapted from Maier-Reimer et al. (2005)).

2.2.1 DMS formulation in the marine biogeochemistry module
HAMOCCS5

The DMS formulation in HAMOCCS5 is derived from the formulation originally devel-
oped for a former version of the marine biogeochemistry module (HAMOCC3.1 (Six and
Maier-Reimer, 1996)).

The formulation for DMS production in the ocean assumes that DMS is produced (DM S,;04)
when phytoplankton cells are destroyed due to senescence or grazing processes. The
DMS decay occurs via consumption by bacteria (DM Sp,.), chemical oxidation to DMSO
(DM Syy) and ventilation to the atmosphere (DM S ;).

d[DMS]
dt

Here only dissolved DMS is considered. DMSP as the precursor of DMS in the ocean is
not taken explicitly into account because very little is known about the processes that
lead to the reduction of DMSP to DMS (Kiene et al., 2000). Moreover, only few mea-
surements of DMSP concentrations in the ocean are available which makes an evaluation
not feasible.

HAMOCCS5 was developed to simulate the carbon chemistry in the ocean. To simulate the
vertical alkalinity distribution, it separates between the export of particulate silicate and
calcium carbonate (exports; and exportcqco,, respectively). The resulting vertical alka-
linity distribution compares well with available measurements (Wetzel et al., 2005; Wetzel,
2004). By separating the export into the export of calcium carbonate and the export of

= DMSproq — DM Spee — DM Syy — DM S 1 (2.1)
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silicate, HAMOCCS5 distinguishes indirectly between the two phytoplankton groups: the
diatoms which form opal frustels and the coccolithophorids which build skeletons made
of calcium carbonate. It is assumed that fast growing diatoms consume nutrients as long
as silicate is available. Therefore, the export of organic carbon is linked to silicate until
silicate is depleted in the ocean. After depletion of silicate the phytoplankton growth is
carried out by coccolithophorids, resulting in the export of calcium carbonate. The sim-
ulated ratio of calcium carbonate to organic carbon export is tuned to be 0.06 on global
average in order to simulate a realistic alkalinity distribution (Wetzel, 2004; Sarmiento
et al., 2002). This distinction between diatoms and coccolithophorids is important, as
they are known to differ markedly in terms of their cellular DMSP content, and hence
their ability for producing DMS (Keller et al., 1989). The distinction between silicate and
calcium carbonate export is utilized to simulate the DMS production as follows:

DMSy00 = f(T) % (kpsi * exportsi; + kpee * exportcacos) (2.2)

kpsi and k.. are the respective scaling factors defined in Table 2.1. The function f(T)
accounts for the observed temperature dependence of intracellular DMSP concentrations.
Under low temperature conditions, e.g. in polar regions, the DMSP content in phyto-
plankton cells is higher than under temperate conditions (Baumann et al., 1994). This
effect is parameterized as follows:

1

f(T):(1+m

) (2.3)
with 7" in ° C. k,; scales the temperature dependency (Table 2.1).

The DMS destruction processes are formulated as follows:

The destruction of DMS by photo-oxidation to DMSO depends on the solar radiation at
the surface (Shooter and Brimblecombe, 1989; Brimblecombe and Shooter, 1986; Kieber
et al., 1996). The incident solar radiation I is attenuated in HAMOCC5H by water and
phytoplankton as a function of depth (z) according to the equation:

Iz = IO * 6_(kw+k6hl)*z (24)

The attenuation coefficient for pure water is chosen to be k,, = 0.04 m~!. Light attenua-
tion by phytoplankton is assumed to be a linear function of the chlorophyll concentration
ke = 0.03 [CHL) m™", with the chlorophyll concentration [CHL] given in mg 17", The
chlorophyll concentration is computed from the modeled phytoplankton concentration
with a fixed chlorophyll to carbon ratio of 1:60. The incident surface radiation [Wm 2]
is calculated interactively, including the effects of clouds and aerosols, in the ECHAMS5-
HAM model. The decay of DMS by photo-oxidation is then formulated as follows:

k. is the respective scaling factor defined in Table 2.1. DMS destruction due to con-
sumption by bacteria is assumed to be temperature dependent:

DM Sye = kyp * (T + 3.) % [DMS] * f([DMS]) (2.6)
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with 7" in °© C. ky, denotes the scaling factor for the consumption process by bacteria.
Observations suggest that consumption by bacteria appears to be less efficient in areas
with low DMS concentrations (Kiene and Bates, 1990). This variation is parameterized
with a saturation function:

[DMS]

f(IDMS]) = (m) (2.7)

ke is set to 10 nmol 17! which ensures an almost linear behaviour for low DMS concen-
trations.

For the atmosphere, the most important DMS loss mechanism in seawater is the loss due
to sea-air exchange. For the sea-air exchange calculation the DMS concentration in the
atmosphere is neglected, as it is small compared to the DMS sea surface concentration.
The DMS sea-air exchange is then formulated as follows:

DMS 145 = ksea—air  [DMS] (2.8)

ksea—air denotes the sea-air exchange rate. This simulation applies the formulation after
Wanninkhof (1992):

Sc
660
where w1q is the 10 m wind speed and Sc the Schmidt number for DMS which is calculated
analogous to Saltzman et al. (1993).

The undetermined parameters (kpsi, kpees Kpty Kiuw, ki) are derived from a fit of the simu-
lated DMS sea surface concentrations to observed DMS sea surface concentrations. Kettle
and Andreae (2000) compiled a database of almost 16,000 DMS sea surface concentration
measurements. Thereby, the original database (Kettle et al., 1999) was updated by new
measurements. The updated database is used to optimize the parameters in the proposed
DMS parameterization. Therefore, the data points are distributed onto the ocean grid
cells on a monthly mean basis. The DMS concentration at a grid-point is taken to be
the average of the individual monthly mean measurements within the grid cell. Since
the data coverage is very sparse and the partitioning into monthly means is rather arbi-
trary, the resulting DMS sea surface concentrations of a single grid box are extrapolated
to the adjacent grid boxes and values from the adjacent months are also taken into ac-
count for the monthly splitting. Due to computational constraints it is not feasible to
conduct the optimization process within the fully coupled AOGCM. To derive the DMS
scaling parameters, an offline version of the ocean model (MPI-OM/HAMOCCS5) forced
by NCEP/NCAR reanalysis data (Kalnay et al., 1996) is used. The model setup is de-
scribed in detail in Wetzel et al. (2005). From this simulation the year 1995 is arbitrarily
chosen for the optimization process of the DMS scaling parameters. Periodically repeating
the simulation with NCEP/NCAR forcing fields for the year 1995, global value deviation
fields of the modeled DMS sea surface concentration and the DMS sea surface map, gen-
erated from the Kettle and Andreae (2000) database, are calculated. Thereby, only ocean
grid boxes are taken into account with an ocean depth greater than 300 m. Regions with
a shallower depth, like the North Sea, are not well captured by the model. In these re-
gions the Kettle and Andreae (2000) database includes a disproportional high number of

)z (2.9)

ksea—air = 0.31 % wfom * (
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Symbol constant Process

DMS Production

kpsi 0.0136 [S(DMS)/(S7)] silicate

Epee 0.1345 [S(DMS)/(C)] calcium carbonate

Ept 10.01 [° C] temperature dependence
DMS Decay

Eruw 0.0011 [m?/Wd] photolysis

Ky 0.1728  [d~'° C7Y] bacteria

Table 2.1: Parameters for the DMS formulation in HAMOCC5. The parameters are de-
rived from an optimization procedure of HAMOCCS5 using DMS sea surface concentration
measurements from the Kettle and Andreae (2000) database.

measurements. To avoid a bias in the optimization process towards these measurements,
these grid boxes are excluded. A cost function is defined as the global annual sum of the
deviation fields. In a series of two year runs, starting with the same initial conditions,
this cost function is minimized by changing the five free parameters (kpsi, kpees kpts Kruvs
ki) of the DMS formulation sequentially by plus or minus 5%. The cost function is then
calculated during every second model year. The parameters are changed along the gra-
dient leading to a minimum of the cost function. The task of this global optimization
process is to find the global minimum of the cost function. However, one cannot exclude
that this optimization process leads to a local minimum, which is a general problem in
optimization procedures. The resulting parameters of the optimization parameters are
compiled in Table 2.1.

2.3 The ECHAMS5 general circulation model

The atmospheric component is the general circulation model ECHAMS5 (Roeckner et al.,
2003) with the current standard resolution of 31 vertical levels on a hybrid sigma-pressure
coordinate system up to a pressure level of 10 hPa. Prognostic variables are vorticity,
divergence, surface pressure, temperature, water vapour, cloud water, cloud ice, cloud
droplet and ice crystal number concentrations. Except for the water and chemical com-
ponents, the prognostic variables are represented by spherical harmonics with triangular
truncation at wavenumber 63 (T63). Physical processes and nonlinear terms are calcu-
lated on a Gaussian grid with a nominal resolution of 1.8 ° in longitude and latitude.
For the advection of water vapour, cloud liquid water, cloud ice and tracer components,
a flux form semi-Lagrangian transport scheme (Lin and Rood, 1996) is applied. Cumu-
lus convection is based on the mass flux scheme after Tiedtke (1989) with modifications
according to Nordeng (1994). The cloud microphysical scheme (Lohmann and Roeckner,
1996) consists of prognostic equations for cloud liquid water and cloud ice. The cloud
cover is predicted with a statistical scheme including prognostic equations for the distri-
bution moments (Tompkins, 2002). The transfer of solar radiation is parameterized after
Fouquart and Bonnel (1980) and the transfer of longwave radiation after Morcrette et al.
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(1998).

2.4 The HAM aerosol model

The ECHAMS model has been extended by a complex microphysical aerosol model HAM,
described in detail in Stier et al. (2005a). The aerosol spectrum is represented by the su-
perposition of seven log-normal distributions. Each of these seven aerosol modes can
be described by three moments: the aerosol number, the number median radius, and the
standard deviation (the former two parameters are predicted, the latter one is prescribed).
The seven modes are divided into four geometrical size classes (nucleation, Aitken, accu-
mulation and coarse mode). Three of the modes include only insoluble compounds, four of
the modes contain at least one soluble compound. The major global aerosol compounds
are considered: sulfate (SU), black carbon (BC), particulate organic mass (POM), sea
salt (SSA), and mineral dust (DU). HAM consists of a microphysical core model M7, an
emission module, a sulfur chemistry scheme, a deposition module, and a radiation module
defining the aerosol radiative properties.

The microphysical core model M7

The microphysical core M7 (Vignati et al., 2004) treats the aerosol dynamics and ther-
modynamics. It evolved from an earlier version M3+ which has been applied and tested
in offline global chemical transport models (Wilson et al., 2001). Processes considered
are coagulation within and among the modes, condensation of gas-phase sulfuric acid on
the aerosol surface, the binary nucleation of sulfate, and water uptake depending on the
ambient relative humidity.

Emission module

The emission of mineral dust and sea salt is calculated interactively according to the
scheme of Tegen et al. (2002) and Schulz et al. (2004), respectively. DMS emissions are
calculated online in the marine biosphere submodel HAMOCCS5. For the other aerosol
compounds, emission strengths, emission size distribution and emission height are pre-
scribed. Considered aerosol and aerosol precursor emissions are sulfur emissions from
industry, bio- and fossil-fuel use, biomass burning, and volcanoes. For the carbonaceous
compounds (BC and POM) bio- and fossil-fuel use and biomass burning sources are con-
sidered. For the climatological mean simulation the emission strengths, emission size
distribution and emission height are based on the AEROCOM (Aerosol Model Inter-
Comparison, http://nansen.ipsl.jussieu.fr/AEROCOM) emission inventory for the year
2000 (Frank Dentener, in prep.). For the transient simulation the emission strengths
are based on an inventory derived by the Japanese National Institute for Environmental
Studies (NIES) following the SRES A1B storyline from 2000 on (T. Nozawa et al., pers.
comm., 2004).
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The chemistry scheme

The sulfur chemistry module (Feichter et al., 1996) treats DMS, SO, and SOF  as prog-
nostic variables. In the gas phase, SO, and DMS are oxidized by the hydroxyl radical
(OH) during the day. Additionally, DMS reacts with nitrate radicals (NOj) at night.
Reaction products are SO, and SOE_. Dissolution of SOy within cloud water is calcu-
lated according to Henry’s law (e.g. Seinfeld and Pandis, 1998). In the aqueous phase,
the oxidation of SOs by hydrogen peroxide (H,O,) and ozone (O3) are considered. The
oxidant concentrations are prescribed as three dimensional monthly mean fields from cal-
culations of the MOZART chemical transport model (Horowitz et al., 2003). Gas phase
produced sulfate is allowed to condensate onto pre-existing particles or to nucleate to new
particles, calculated by the aerosol microphysical module M7. In-cloud produced sulfate
is distributed to the available pre-existing accumulation mode and coarse mode aerosol
particles according to their respective number concentration.

Deposition processes

The deposition processes, i.e. wet deposition, dry deposition, and sedimentation, are
calculated online in dependence of aerosol size and composition. The dry deposition for
gases is calculated according to Ganzeveld et al. (1998). For aerosols the dry deposition
is calculated in dependence of the simulated aerosol radius and density. The resulting
dry deposition flux is subtracted from the respective emission flux and provides the lower
boundary conditions for the vertical diffusion scheme of ECHAMS5. The wet deposition of
tracers is calculated in dependence of the in-cloud content and the precipitation formation
rate simulated in ECHAMS5. For gases the in-cloud content is derived from Henry’s law
(Seinfeld and Pandis, 1998). For aerosols the in-cloud content is derived from prescribed
scavenging ratios with lower efficiencies for the insoluble modes.

The radiation module

The radiation module calculates the aerosol optical properties explicitly from the prog-
nosed size distribution, composition, and mixing state within the framework of the Mie
theory. The optical properties are pre-calculated and supplied in a look-up table, provid-
ing the necessary input for the radiation scheme in ECHAMS (extinction cross section,
single scattering albedo, and asymmetry factor) which are then passed to the radiation
scheme of ECHAMSD5. Only the effects of aerosols on the solar part of the spectrum are
considered.

Cloud microphysics

The stratiform cloud scheme of ECHAMS5 has been extended by a prognostic treatment of
cloud droplet number and ice crystal number concentration. Nucleation of cloud droplets
is parameterized semi-empirically in terms of the aerosol number size distribution and
vertical velocity (Lin and Leaitch, 1997). Sub-grid scale vertical velocity is derived from
the turbulent kinetic energy (Lohmann et al., 1999). Sink processes are parameterized
in analogy to those formulated in ECHAMS5 for the in-cloud liquid water content. The
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cloud optical properties depend on the droplet effective radius, which is a function of the
in-cloud liquid water content and cloud droplet number concentration (CDNC). These
parameters control the auto-conversion rate following Khairoutdinov and Kogan (2000).
Thus, this setup accounts for both the first and second indirect aerosol effects. This ex-
tended version of the stratiform cloud scheme was only applied in the transient climate
simulation. However, results from the climatological simulation presented in chapter 3
use the standard ECHAMS5 stratiform cloud scheme.

For this study the ECHAM5-HAM model has been extended by a technique to mark
SO, and SO?~ attributable to DMS. This allows to isolate the fraction of DMS-derived
SO, and SOi_. Such quantification facilitates assessment of the contribution of aerosols
from DMS oxidation. Additionally, the knowledge of the contribution of DMS to SO~
enables us to use SO3~ concentration measurements at sites with a relatively high contri-
bution of DMS to SO?~ for an evaluation of the atmospheric DMS cycle in the model.

2.5 The coupler OASIS

The ocean and the atmosphere models are coupled with the OASIS coupler (Valcke et al.,
2003) with a coupling time step of one day. The ocean model MPI-OM passes the sea
surface temperature and sea ice variables to the atmosphere through OASIS. The atmo-
sphere model ECHAMb5-HAM uses these boundary conditions for one coupling timestep
and transfers the surface forcing fields through OASIS back to the ocean model. Required
surface forcing fields are heat, freshwater and momentum fluxes, downward solar radia-
tion and the 10 m wind speed. Additionally, the DMS flux to the atmosphere, calculated
in HAMOCCS5, is passed to the atmosphere model. The dust deposition calculated in
the HAM model is passed to HAMOCC5 through OASIS. The coupled ocean-atmosphere
model does not employ flux adjustments.
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Chapter 3

The present-day marine and
atmospheric DMS cycle

A climatological mean simulation for present-day conditions is performed and compared
to available measurements both in the atmosphere and in the ocean. To overcome the
lack of DMS measurements in the atmosphere, SO~ measurements in regions where DMS
is the main precursor are taken into account. A coloured tracer technique is applied to
estimate the contribution of DMS derived SO7~ to the total SO? concentration. The
results are published in this form in Biogeosciences Dissc.!.

3.1 Simulation setup

In order to initialize the coupled atmosphere-ocean model (AOGCM), the uncoupled ocean
model was integrated over thousand years to reach quasi-equilibrium state. From there on
the coupled AOGCM was integrated with fixed external forcing to reach quasi-equilibrium
state. From these initial conditions the simulation is started and integrated for 15 years.
The results presented here are averaged over the last 10 years. The mineral dust, sea salt
and DMS emissions are calculated interactively as described in the previous chapter. All
other aerosol and aerosol precursor emissions are prescribed based on the AEROCOM
(Aerosol Model Inter-Comparison, http://nansen.ipsl.jussieu.fr/ AEROCOM) emission
inventory for the year 2000 (Frank Dentener, in prep.). The emission strength for all
aerosol compounds is summarized in Table 3.1.

3.2 Results

In the following sections the results of the climatological mean simulation are presented
separated in an ocean and atmosphere part. The ocean part focuses on the simulated DMS
sea surface concentrations and the resulting DMS flux. Additionally, DMS sea surface
concentrations predicted from a simple empirical algorithm proposed by Simé and Dachs

!published as: S. Kloster, J. Feichter, E. Maier-Reimer, K.D. Six, P. Stier and P. Wetzel, DMS cycle
in the marine ocean-atmosphere system - a global model study, Biogeosciences, 3, 29-51, 2006.



30 3 The present-day marine and atmospheric DMS cycle

Species Source Reference Tg yr !

DMS Terrestial Biosphere ~ Pham et al. (1995) 0.3
Marine Biosphere HAMOCCH 27.6

SO4 Volcanoes Andres and Kasgnoc (1998) 14.6

Halmer et al. (2002)

Vegetation Fires van der Werf et al. (2003) 2.1
Industry, Fossil-Fuel, Cofala et al. (2005) 54.2
Bio-Fuels

Total sulfur 99.0

BC Vegetation Fires van der Werf et al. (2003) 3.0
Fossil-Fuel and Bond et al. (2004) 4.7
Bio-Fuels

Total BC 7.7

POM Vegetation Fires van der Werf et al. (2003) 34.7
Biogenic Guenther et al. (1995) 19.1
Fossil-Fuel and Bond et al. (2004) 12.5
Bio-Fuels

Total POM 66.3

SSA Wind driven Schulz et al. (2004) 5868.6

DU Wind driven Tegen et al. (2002) 1060.6

Table 3.1: Aerosol and aerosol precursor emissions used in the HAM model. Global annual
mean in Tg yr~! and Tg(S) yr~' for sulfuric species.

(2002) are introduced and compared to DMS sea surface concentrations simulated within
the marine biogeochemistry model HAMOCCS5. In the atmosphere part the main focus
is the evaluation of the simulated DMS concentration in the atmosphere.

3.3 Ocean

A detailed description of the simulated ocean and biochemical mean state of

MPI-OM/HAMOCCS5 is given in Wetzel (2004). On average, the simulated global net
primary production is 24 GtC year~!. The export production, defined as the part of
the net primary production that is transported out of the euphotic zone, amounts to 5
GtC year—!. This is on the low end of model and observational estimates (Oschlies, 2002).
The global annual averaged export of calcium carbonate is 0.27 GtC year—!, which leads
to a rain ratio (the ratio of calcium carbonate to organic carbon in export production)
of 0.06 on average. This ratio lies within current estimates (Sarmiento et al., 2002) and
leads to a realistic alkalinity distribution. Wetzel (2004) shows that the model is able to
reproduce chlorophyll distribution from the SeaWIF'S Satellite, except for the coastal re-
gions, where shelf processes and riverine input of nutrients are not captured by the global
model. Additionally, the model tends to simulate higher chlorophyll concentrations in
the Southern Ocean and in the subtropical gyres than derived from satellite observations.
Wetzel (2004) concludes that this might be predominantly a result of the modeled ocean
dynamic with too strong vertical mixing in the Southern Ocean and a too weak down-
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welling in the subtropical gyres.

A novel feature of the coupled model used in this study, is that dust deposition fields are
calculated interactively in the atmospheric model and passed once per day to the ocean,
instead of prescribing the dust deposition from climatological mean fields. This provides
the means to apply this model for longterm climate change simulations including the
effects of varying dust depositions, caused by climate change, on the marine biogeochem-
istry and on the DMS sea surface concentration. Assuming an iron content in dust of 3.5%
we simulated an annual global mean iron deposition flux of 666 Gmol(Fe) yr~!, whereas
204 Gmol(Fe) yr~! are deposited to the ocean surface. The iron deposition onto the ocean
surface lies within the range used in other global marine biogeochemistry studies (Fung
et al. (2000): 118 Gmol(Fe) yr~!, Aumont et al. (2003): 149.7 Gmol(Fe) yr—!, Archer and
Johnson (2000): 131.7 - 487.4 Gmol(Fe) yr~!). The wide range given in the global iron
deposition rates highlights the uncertainties in the iron content of dust particles, as in
the magnitude and the size variation of the dust emission into and deposition from the
atmosphere.

In the following section we will focus on the simulated DMS sea surface concentrations and

compare our results to measurements as well as to a recently developed DMS algorithm
by Sim6 and Dachs (2002).

3.3.1 DMS in the ocean

HAMOCCS5 simulates a global total DMS production of 351 Tg(S) yr~!. The loss of
DMS in the ocean proceeds mainly via the consumption by bacteria (294 Tg(S) yr—!).
The DMS flux into the atmosphere (28 Tg(S) yr~!) accounts for 8% of the global DMS
removal in the ocean, the photo-oxidation (31 Tg(S) yr—!) for 9%. The relative rates
of the decay processes are not well constrained through measurements, in particular on
a global scale. Archer et al. (2002) found a DMS flux equivalent to 10% of the DMS
production in a six day Lagrangian experiment conducted in the northern North Sea.
DMS removal by bacterial consumption accounted for the majority of the DMS removal
(62-82% for surface levels and 98% for subsurface levels). Similar findings are reported
for the Eastern Tropical Pacific where measurements show a 3 to 430 times faster removal
of DMS by biological consumption than by the DMS flux into the atmosphere (Kiene and
Bates, 1990) and for the North East Pacific where biological consumption accounted for
67% of the total DMS consumption and the DMS flux into the atmosphere accounted for
only a small fraction (1%) of the DMS loss (Bates et al., 1994). The simulated annual
mean decay rates are in accordance with these findings. However, for an evaluation of the
simulated production and decay processes more measurements are needed.

The simulated seasonal mean sea surface concentrations of DMS are shown in Figure
3.1. The predicted DMS concentrations show high values throughout the year, gener-
ally exceeding 1-2 nmol 17!, in the biological active upwelling zones like the equatorial
Pacific Ocean, or in the upwellings off Peru and Angola. The subtropical gyres in both
hemispheres show low DMS sea surface concentrations. The polar oceans (North Pacific,
North Atlantic and Southern Ocean) feature high DMS concentrations in the respective
summer season with values up to 20 nmol 17! in the Southern Ocean.
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Figure 3.1: Modeled seasonal mean DMS sea surface concentration. a: Mean for Decem-
ber, January, February; b: Mean for March, April, May; ¢: Mean for June, July, August;
d: Mean for September, November, December. Overlaid grid boxes are ocean data points
given in the Kettle and Andreae (2000) database (data points where the ocean depth is
below 300 m are excluded) gridded onto the model grid. Units are nmol 171

The predicted annual global mean DMS sea surface concentration lies with 1.8 nmol 17!
within the range of annual mean concentrations from recently published DMS climatolo-
gies (Kettle et al. (1999): 2.1 nmol 17!, Kettle and Andreae (2000): 2.0 nmol 17!, Anderson
et al. (2001): 2.6 nmol 17!, Aumont et al. (2002): 1.7 nmol 1"!, Simé and Dachs (2002):
2.3 nmol 17') Chu et al. (2003): 1.5 nmol 17!, Belviso et al. (2004b): 1.6 nmol 17!; global
numbers taken from Belviso et al. (2004a)).

Figure 3.2a compares the percentage frequency distribution of the DMS sea surface con-
centration with the percentage frequency distribution of measurements as given in the
Kettle and Andreae (2000) database. The data points of the Kettle and Andreae (2000)
database were distributed onto the model grid on a monthly mean basis and only corre-
sponding model values are taken into account. Data points where the ocean depth is less
than 300 m are excluded. Values with DMS sea surface concentrations higher than 20
nmol 17! are not shown. The measurements show 32 data points with DMS sea surface
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concentrations higher than 20 nmol 17!, in the simulation we find 25 values. The per-
centage frequency distribution shows a good agreement between model and observations.
The percentage frequency distributions show highest values for low DMS sea surface con-
centrations, whereas the observations exhibit a maximum of 1.0 to 1.5 nmol 17! and the
simulation for 1.5 to 2.0 nmol 17'. Moderate DMS sea surface concentrations (2.5 to 5.5
nmol 171) are less frequent in the simulation than in the observations. For higher DMS
sea surface concentrations (10 nmol 17! and higher) both the model and the observations
show a very low frequency with less than 1%. Overall the model tends to underesti-
mate DMS sea surface concentrations in the moderate DMS regimes, but it captures
the high frequency of low DMS sea surface concentrations and the low frequency of the
high DMS sea surface concentrations. Since the Kettle and Andreae (2000) database was
used for the optimization of the model parameters the comparison might be misleading.
For an independent evaluation we compare the simulation with the updated version of
the Kettle and Andreae (2000) database (Global Surface Seawater Dimehylsulfide (DMS)
Database, available at http://saga.pmel.noaa.gov/dms/) which has been extended by ad-
ditional 12,866 DMS sea surface measurements from 10 different measurement campaigns.
Compared to the Kettle and Andreae (2000) database the data coverage of the additional
measurements is sparser. By gridding the measurement data points onto the model grid,
only 572 grid boxes are assigned to an annual mean DMS sea surface concentration value,
whereas the Kettle and Andreae (2000) data points cover 2301 grid boxes. The per-
centage frequency distribution is displayed in Figure 3.2b. Similar to the Kettle and
Andreae (2000) database the observations show the highest frequency for DMS sea sur-
face concentrations in the range 1.0 to 1.5 nmol ™! and the simulation in the range 1.5
to 2.0 nmol 17!, The agreement for moderate DMS sea surface concentrations (2.5 to
5.5 nmol 17!) is reasonably well, whereas higher DMS sea surface concentrations are less
frequent in the simulation.

Monthly latitudinal profiles of the model results, the Kettle and Andreae (2000) database
data and the DMS sea surface climatology from Kettle and Andreae (2000) are compared
in Figure 3.3. Only data points where the ocean depth is above 300 m are used. As
DMS is a product of marine biological activity, the DMS sea surface concentration has
large seasonal variations. This is especially pronounced in the high latitudes where DMS
concentrations peak in the Southern Hemisphere in December and in the Northern Hemi-
sphere in June. The amplitude of the seasonal variation is lower in the model than in the
Kettle and Andreae (2000) climatology. However, the climatology in this region is based
only on a few data points. In the tropics the modeled DMS sea surface concentrations
stay almost constant with 2-3 nmol 17! throughout the year. This value is confirmed by
measurements in these latitudes and present as well in the Kettle and Andreae (2000)
climatology. Overall the model simulates the observed DMS sea surface concentrations
reasonably well.
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Figure 3.2: Frequency distribution of simulated and measured DMS sea surface concentra-
tions. a) Measurements from the Kettle and Andreae (2000) database. b) Measurements
obtained from http://saga.pmel.noaa.gov/dms/, excluding the measurements of the Ket-
tle and Andreae (2000) database. The measurements are gridded onto the model grid.
The simulated distribution is shown in black, the measured distribution in red. Data
points with an ocean depth greater than 300 m are excluded.

3.3.2 DMS concentration predicted from mixed layer depth and
chlorophyll «

Simé6 and Dachs (2002) developed a two equation algorithm to predict DMS sea surface
concentrations using chlorophyll « surface concentration (CHL) and the mixed layer depth
(MLD) of the ocean. Our model setup allows to apply the proposed algorithm to the sim-
ulated MLD and sea surface chlorophyll o concentration. We compare the resulting DMS
sea surface concentration to the one given in Simé and Dachs (2002) using climatological
input fields and to the one simulated within the marine biogeochemistry model. The DMS
algorithm is formulated by Simé and Dachs (2002) as follows:

DMS = —In(MLD) + 5.7, CHL/MLD < 0.02 (3.1)

DMS =558(CHL/MLD) +0.6, CHL/MLD > 0.02 (3.2)

The units of MLD are m, of CHL are mgm 2, and of DMS sea surface concentrations are
nmol 17!, The algorithm is based on the assumption of Simé and Pedrés-Alié (1999) that
vertical mixing plays a major role in controlling the production of DMS in the sea surface
layers. They found that DMS is quantitatively related to the ratio of chlorophyll o and
MLD, leading to high DMS concentrations not only associated with high chlorophyll «
concentrations but also with moderate chlorophyll a@ concentrations and a concurrent
shallow MLD. They explained this relation with the fact that a shallow mixing tends to
favor phytoplankton blooms of taxa with a high DMSP cell content. Simé and Dachs
(2002) derived global monthly DMS sea surface concentrations using a global monthly
climatology for the MLD (Samuel and Cox’ GFDL Global Oceanographic Data Set At-
las, available at http://dss.ucar.edu/datasets/ds279.0/) and chlorophyll o concentrations
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Figure 3.3: Zonally averaged profiles of DMS sea surface concentrations for all months.
The black line represents the zonal average of the modeled DMS sea surface concentration,
the green line the zonal average of the Kettle and Andreae (2000) DMS sea surface
climatology. The red symbols represent the zonally averaged ocean data points given in
the Kettle and Andreae (2000) database (data points where the ocean depth is below
300 m are excluded) gridded onto the model grid. Where more than one ocean grid box
is present, the standard deviation is given by the red vertical line. Units are nmol 171
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Figure 3.4: Zonal annual means of sea surface DMS for the Simé and Dachs (2002)
algorithm using the simulated MLD and chlorophyll o concentrations (dashed blue line),
resulting concentrations from the simulation using the marine biogeochemistry model
HAMOCCS (black line), annual mean DMS sea surface concentrations averaged over
10 ° latitudinal bands given in Simé and Dachs (2002) using climatological MLD and
chlorophyll @ concentrations from SeaWiFS (red stars) and for the Kettle and Andreae
(2000) climatology (dotted green line). Units are nmol 171,

from SeaWiFS averaged over the period September 1997 to November 2000. The MLD
is equally defined by the density criterion as in our simulation (depth where Aoy= 0.125
relative to the surface). We applied the proposed relationship using the simulated MLD
and chlorophyll « concentrations. In about 80% of the total ocean surface, the ratio
CHL/MLD is < 0.02 and Equation 3.1 applies. If the MLD exceeds 298 m, Equation 3.1
predicts negative DMS values. This is the case for 9% of the total ocean surface. We
excluded these values. A monthly mean MLD deeper than 298 m is simulated in the
winter months in the North Atlantic and in the Southern Ocean. This is consistent with
observations and also present in the Samuel and Cox MLD climatology, whereas here only
2% of the ocean surface shows a monthly mean MLD deeper than 298 m. Figure 3.4 shows
the resulting zonal annual mean DMS sea surface concentrations compared to the concen-
trations obtained from our simulation, the concentrations from Simé and Dachs (2002)
using climatological input fields and the concentrations from the Kettle and Andreae
(2000) climatology. The DMS sea surface concentration derived from the Simé and Dachs
(2002) algorithm with simulated MLD and chlorophyll & concentration is comparable to
the one derived by Simé and Dachs (2002) using a MLD climatology and chlorophyll «
concentrations from SeaWiF'S. Discrepancies occur in the high latitudes where during the
summer months high chlorophyll o concentrations persist and predominantly Equation
3.2 applies. The DMS sea surface concentration resulting from the simulated MLD and
chlorophyll a@ concentration is higher in the southern high latitudes and slightly lower in
the northern high latitudes. The lower values in the northern high latitudes are caused
by a simulated deeper mixed layer depth compared to the Samuel and Cox climatology.
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For the southern high latitudes high simulated chlorophyll oz concentrations lead to high
DMS sea surface concentrations. The simulated chlorophyll o concentrations are slightly
higher than the satellite estimates and probably overestimated by the model (Wetzel,
2004). However, particularly in the high latitudes the climatological fields comprise large
uncertainties which are caused by a sparse data coverage for the MLD and by frequent
cloud contamination for the satellite derived chlorophyll @ concentration.

The simulated DMS sea surface concentration using the DMS formulation introduced in
the marine biogeochemistry model HAMOCCS5 results in distinct different zonal annual
mean concentration variations compared to DMS sea surface concentration derived with
the Simé and Dachs (2002) algorithm. Particularly in the Northern Hemisphere our simu-
lation results in significantly lower DMS sea surface concentrations which are in agreement
with the measurements given in the Kettle and Andreae (2000) database and present as
well in the DMS sea surface climatology from Kettle and Andreae (2000). Both show a
minimum in the DMS sea surface concentration around 30 ° N which is not captured with
the Simé and Dachs (2002) algorithm. Discrepancies are highest in the northern high lat-
itudes. In the late summer, with moderate chlorophyll o concentrations in the northern
high latitudes, the Simé and Dachs (2002) algorithm predominately relies on the MLD
only. This results in a broadening of the summer maximum leading to high annual mean
DMS sea surface concentration in this region. The Kettle and Andreae (2000) climatol-
ogy shows as the Simé and Dachs (2002) algorithm high DMS sea surface concentrations
in the northern high latitudes. The high values in the climatology are probably caused
by the inclusion of DMS measurements from the North Sea region. We excluded these
datapoints for the optimization of our DMS formulation. The remaining measurements
mainly show DMS sea surface concentrations around 1-2 nmol 17! (see Figure 3.3) which
is consistent with our simulation.

3.3.3 DMS sea-air exchange

As described in section 2.2.1 we use the DMS sea-air exchange parameterization according
to Wanninkhof (1992) using the 10 m wind speed and the sea surface temperature provided
by the atmospheric model ECHAMS to calculate the DMS flux interactively in the model.
The resulting global annual mean DMS flux is 28 Tg(S) yr~!. Estimates of the global
DMS flux differ widely depending mainly on the used DMS sea surface climatology, sea-
air exchange parameterization, and wind speed data, ranging from 16 Tg(S) yr—! up to
54 Tg(S) yr~" (see e.g. Kettle and Andreae (2000) for a review). Kettle and Andreae
(2000) calculated a global DMS flux between 27 and 32 Tg(S) yr~' with their DMS sea
surface climatology applying the same sea-air exchange parameterization (Wanninkhof,
1992) and four different combinations of data sets for the wind speed and sea surface
temperature. Our simulated global annual mean DMS flux is in agreement with their
findings. Figure 3.5 displays the global distribution of the annual mean DMS flux into
the atmosphere. The distribution of the DMS flux is closely related to the DMS sea
surface distribution (c.f. Figure 3.1). High DMS fluxes persist in regions with high DMS
sea surface concentrations, such as the equatorial Pacific and Atlantic Ocean and in high
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Figure 3.5: Annual mean DMS flux into the atmosphere. Units are mg(S) m—2 yr— .

wind speed regions, e.g. the broad band with elevated DMS emissions in the Southern
Ocean between 40 ° and 60 ° S.

3.4 The atmospheric sulfur cycle

Global budgets

Table 3.2 summarizes the characteristics of the global DMS and sulfur budgets. Globally,
the DMS emission flux is 28 Tg(S) yr~'. The highest emissions are simulated in the
Southern Hemisphere (17.6 Tg(S) yr~'). Compared to the total SO, source resulting from
SO, emissions from anthropogenic sources, wildfires and volcanic eruptions as prescribed
from the AEROCOM emission scenario and SO, resulting from DMS oxidation, DMS
accounts for 30% of the total sulfur source (14% in the Northern Hemisphere and 67%
in the Southern Hemisphere). Globally, 84% of the DMS is removed via oxidation by
OH radicals. This ratio is close to the one reported in other studies using similar DMS
reaction mechanisms (Berglen et al. (2004): 73%, Chin et al. (2000): 88%, Pham et al.
(1995): 86% ). Oxidation by NOj is more important in the Northern Hemisphere (8.7%)
than in the Southern Hemisphere (6.5%). The annual global mean DMS burden is with
0.08 Tg(S) in agreement with other studies (Chin et al. (2000): 0.07 Tg(S), Koch et al.
(1999): 0.06 Tg(S), Pham et al. (1995): 0.05 Tg(S)) as is the lifetime with 1.0 days (Chin
et al. (2000): 2.0 days, Koch et al. (1999): 1.9 days, Pham et al. (1995): 0.9 days).
The chemical conversion is the major sink for SOy (78%). The dry deposition accounts
for only 18% of the total removal. This is low compared to other studies, as already
pointed out by Stier et al. (2005a). The serial resistance dry deposition scheme used
here results in significantly lower SO, dry deposition fluxes compared to other studies
(Ganzeveld et al., 1998). The low dry deposition sink results in a high yield of SO~ from
the chemical conversion of SO, into SO3~. SO7™ is mainly wet deposited (95%). Dry
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Figure 3.6: Annual mean DMS column burden. Units are mg(S) m 2.

deposition accounts for 3% and sedimentation for 2% of the total SO?~ removal.

3.4.1 DMS in the atmosphere

The annual global distribution of the DMS burden is displayed in Figure 3.6. Highest
burdens persist in the Southern Hemisphere, in particular around 60 ° S. This agrees
with the high DMS flux simulated in this region. Additionally, DMS experiences a longer
lifetime in the Southern Hemisphere compared to the Northern Hemisphere (1.15 days
compared to 0.78 days, respectively). In the industrialized Northern Hemisphere, high
NOj levels ensure a steady oxidation of DMS even during nighttime when OH concen-
trations are zero. About 88% of DMS emitted in the Southern Hemisphere is oxidized
by OH and 12% by NOj. In the Northern Hemisphere, 77% is oxidized by OH and 23%
by NOjs. In the Southern Hemisphere, the limited removal of DMS via NO3 due to the
low NOj3 concentrations leads to an accumulation of DMS and a higher atmospheric DMS
burden compared to the Northern Hemisphere ( 0.056 Tg(S) compared to 0.021 Tg(S),
respectively).

In Figure 3.7a simulated and observed seasonal variations of atmospheric DMS concen-
trations are compared at Amsterdam Island in the Southern Ocean (Sciare et al., 2000).
Atmospheric DMS mixing ratios were measured on a daily basis from August 1990 to
December 1999. Shown are monthly mean values. The simulated seasonal variation is in
agreement with the observations. However, the summer maximum is overestimated and
shifted by two months in the model. Highest concentrations are simulated in November
(822 pptv), whereas the observations show a maximum in January (557 pptv). Figure 3.7b
shows the simulated SO, concentration at Amsterdam Island compared to measurements
reported by Putaud et al. (1992). The measurements were taken for the period March
1989 to January 1991. The SO, concentrations show a similar seasonal variation as the
DMS concentrations, both in the simulation and in the measurements. The amplitude of
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SH NH Global

DMS

Source [Tg(S) yr—:

total: 17.8 9.8 27.6
Sinks [Tg(S) yr—']:

oxidation with OH 15.8 7.5 23.3
oxidation with NOs 1.8 2.4 4.2
burden [Tg(S)]: 0.056  0.021  0.077
lifetime [d] : 115 078  1.02
SO,

Source [Tg(S) yr 1]

total (Emission + DMS oxidation) 25.9 69.3 94.2
Sinks [Tg(S) yr']:

oxidation 21.6 oL.7 73.3
dry deposition 2.9 14.3 17.3
wet deposition 1.4 2.2 3.6
burden[Tg(S)]: 0.19 0.41 0.60
lifetime [d] : 2.7 2.2 2.4
Soézligas

Source [Tg(S) yr 1]

total ( SO2 gas oxidation ) 8.7 18.3 27.0
Sinks [Tg(S) yr—']:

condensation 8.7 18.2 26.8
nucleation 0.05 0.06 0.11
wet deposition 0.02 0.02 0.04
dry deposition 0.002  0.004  0.006
burden [Tg(S)]: 0.0003 0.0004 0.0007
lifetime [d] : 0.014  0.008  0.010
SO;~

Source [Tg(S) yr—:
total (Emission + SOs in cloud oxidation +

condensation + nucleation) 244 53.9 78.4
Sinks [Tg(S) yr—']:

dry deposition 0.6 1.8 2.5
wet deposition 23.3 50.8 74.1
sedimentation 0.56 1.29 1.85
burden [Tg(S)]: 0.24 0.49 0.73
lifetime [d] : 3.64 3.32 3.42

Table 3.2: Sulfur budget: global, Northern Hemisphere (NH) and Southern Hemisphere
(SH). The lifetime is calculated as the ratio of the column burden to the sum of all sources.
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Figure 3.7: a) Atmospheric DMS on Amsterdam Island, measurements and standard
deviation after (Sciare et al., 2000). b) Atmospheric SO, at Amsterdam Island, the
measurements are reported by Putaud et al. (1992). The line represents the measurements,
stars the model results. The grey shading indicates the monthly mean simulated standard
deviation. Units are pptv.

the seasonal cycle which is defined by the ratio R = (average concentration for December,
January and February) / (average concentration for June, July and August), is 8 for the
measured as well as for the simulated SO, concentrations. The amplitude of the seasonal
atmospheric DMS cycle is simulated equal to 9 and measured equal to 8 and is compa-
rable to that of SO,. The seasonal variation of the atmospheric DMS concentration at
Amsterdam Island is largely driven by variations in the DMS sea surface concentration.
The seasonal amplitude of the sea surface DMS is simulated equal to 9 and fits exactly
the simulated seasonal cycle for DMS in the atmosphere (data not shown).

3.4.2 DMS contribution to SO, and SO?~ column burdens

In order to quantify the importance of DMS-derived SO, and SO?™, we simulated the
contribution of DMS-derived SO, and SO?™ to the total SO, and SO?™ concentration in
the atmosphere. Additionally, this allows to use SO3~ concentration measurements in
regions with a high DMS contribution for the evaluation of the DMS cycle.

SO3 column burden

The spatial distribution of the total SO, column burden, the SO column burden result-
ing from DMS, and the relative contribution of the DMS-derived SO, to the total SO,
column burden are displayed in Figure 3.8. Shown are annual averages, averages for June,
July and August and for December, January, and February. The same is shown for the
SOZcolumn burden in Figure 3.9. The respective global mean column burdens are sum-
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marized in Table 3.3.

The global distribution of SOy column burdens resulting from all sources reflects the dom-
inant anthropogenic sulfur sources in the Northern Hemisphere, most pronounced over
the industrialized areas of Europe, North America, and China. The SO, column burden
resulting from DMS emission alone highlights the strong seasonal variation of DMS in
the atmosphere. The highest column burdens persist in the Southern Hemisphere for
December, January, and February with values up to 1 mg(S)m 2 in high latitudes. The
maximum in the Northern Hemisphere for June, July, and August is less pronounced. In
the equatorial regions, the SO, column burden attributable to DMS stays almost constant
throughout the year. The simulated high DMS sea surface concentration here causes a
steady emission of DMS into the atmosphere and therefore a high load of SO, derived
from DMS integrated over the atmospheric column. The relative contribution of DMS-
derived SOs to the total SO, shows clearly the overwhelming role of DMS in the Southern
Hemisphere during the biological active season. In December, January, and February the
contribution is up to 90%.

The simulated global annual burden of SO, is 0.60 Tg(S), 25% of which can be attributed
to DMS. Hence, DMS contributes globally less than proportional to the SO, column bur-
den. The contribution of DMS to the SO5 burden is greatest in the Southern Hemisphere
(44%), whereas anthropogenic sources dominate in the Northern Hemisphere. DMS ac-
counts for 16% of the total SOy column burden on the annual mean in the Northern
Hemisphere. Even in the summer months (June, July, and August), when maximum
DMS sea surface concentrations are simulated in the Northern Hemisphere, the contri-
bution of DMS to the total SOy column burden is greatest in the Southern Hemisphere
(32% compared to 17% in the Northern Hemisphere).

SO?™ column burden

The global distribution of the SO~ column burden resulting from all sources shows high-
est burdens close to the main sources and the sources of its precursor SO, in the Northern
Hemisphere (Figure 3.9). Significant export to low emission regions, for example the Mid-
dle East, North Africa, the North Pacific and the North Atlantic, occurs throughout the
year. The SO?  column burden resulting from DMS emissions alone shows almost the
same distribution as the SO5 column burden resulting from DMS. A high burden persists
in the Southern Hemisphere in the summer season. The export of SO~ into low emis-
sion regions cause a slight southward shift of the areas significantly influenced by DMS
emissions. While for the SO, burden a contribution of DMS of 60 to 70% for December,
January, and February is simulated in the equatorial regions of the Pacific and Atlantic,
the contribution for SO}~ lies only between 40 to 50%.

The global annually averaged column burden of SO3~ is 0.73 Tg(S) with a DMS contri-
bution of 27% globally. The greatest DMS contribution occurs in December, January
and February with up to 37% globally and 57% in the Southern Hemisphere. The DMS
contribution to the SO?~ burden lies within the same range as the DMS contribution to
the SOy column burden. This is caused by the simulated fast chemical conversion rate of
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Figure 3.8: Mean column burdens of SO, averaged for December, January and February
(DJF) and June, July and August (JJA) and annual mean values resulting from all sources
(total), resulting solely from DMS (DMS-derived) and percentage of SO, attributable to
DMS (DMS-derived [%)]), respectively. Units are mg(S) m—2 and %, respectively.

SO, to SO?.

3.4.3 DMS-derived SO}~ in the atmosphere

The global distribution of the fraction of the SO;~ burden attributable to DMS shows the
dominant role of DMS as SO~ precursor in the Southern Hemisphere, in particular at
high latitudes (Figure 3.8). A comparison of the simulated SO3~ concentrations with mea-
surements in these remote regions therefore gives an indication of the representation of the
DMS cycle in the model simulation. Several measurement networks include SO3~ surface
concentration measurements. We choose the multi-annual measurements from the Uni-
versity of Miami network (Dennis Savoie, pers.comm.), as this network includes mainly
measurements from remote sites. These measurements have been conducted mainly on
islands or at coastal stations. The number of measurement years varies with site. The
measurement locations are displayed in Figure 3.10. Red points indicate stations with a
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Figure 3.9: Mean column burdens of SO~ averaged for December, January and February
(DJF) and June, July and August (JJA) and annual mean values resulting from all sources
(total), resulting solely from DMS (DMS-derived) and percentage of SOF  attributable
to DMS (DMS-derived [%]), respectively. Units are mg(S) m™2 and %, respectively.

| annual mean | December/January/February | June/July/August
global NH SH | global NH SH | global NH SH
DMS [Tg(S)] 0.077  0.021  0.056 0.151  0.013 0.137 0.048 0.032 0.016
SO3 total [Tg(S)] 0.604 0.414 0.190 | 0.642 0.440 0.202 | 0.592  0.400 0.192
% of SO2 from DMS 24.7 15.7 44.2 28.8 15.0 58.9 21.0 15.8 31.25
SOZ_ total [Tg(S)] 0.733 0.493 0.240 0.674  0.363 0.311 0.813 0.617 0.195
% of 5037 from DMS 26.7 17.8 45.0 37.2 20.7 56.6 21.3 17.5 33.3

Table 3.3: Annual mean column burdens of DMS, SO,, SO3™ resulting from all sulfur
sources (total) in [Tg(S)] and resulting only from DMS in [%)].
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190

Figure 3.10: Location of the measurement sites included in the University of Miami
network. Red points indicate stations with a simulated annual mean DMS contribution
to SO?™at the surface higher than 50%.

simulated annual contribution of DMS to SO3~ of more than 50% within the lowest model
layer. These stations are mainly located in the Southern Hemisphere.

Figure 3.11 shows the scatter of the measured and simulated SO? surface concentration.
Shown are monthly, annual, December, January and February, and June, July and Au-
gust mean values. In addition, Table 3.4 lists the annual mean values for all measurement
locations together with the relative contribution of DMS to SOF~ in the lowest model
layer. Out of a total of 320 monthly mean samples, 213 (67%) agree within a factor of
2 with the measurements. The model overestimates the SO?~ surface concentrations es-
pecially for low concentrations. The lowest values reported coincide with locations where
anthropogenic influences are low and where therefore the DMS contribution to SO~ gen-
erally exceeds 50%. On the annual mean, 15 stations show a contribution of DMS abvove
50%. 9 of these stations lie within a factor of 2 within the measurement values. At the
remaining stations the concentrations are all overpredicted by the model. This becomes
exceedingly evident for the Southern Hemisphere summer season (mean over December,
January and February) where the DMS sea surface concentration and the DMS emission
are high. DMS contributions higher than 50% appear in 17 stations. For 12 stations with
a contribution higher than 50%, the simulated values are a factor of 2 higher than the
measured values. During the winter months (mean over June, July and August) DMS
contributions higher than 50% exist for only 5 locations, 2 of which show higher simulated
than measured values. In summary, for remote measurement stations the simulated SO~
surface concentrations are in agreement with the reported measurement values. Discrep-
ancies from the observed values are highest for locations with a high DMS contribution,
in particular in the summer season of the Southern Hemisphere. Here the model overpre-
dicts the averaged observed concentrations by a factor of 2.3. This overestimation may
be caused by too high DMS emissions in these regions which are either due to too high
DMS sea surface concentrations or too high sea-air exchange rates. The simulated DMS
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Figure 3.11: Scatter plots of measured and simulated surface aerosol mass concentration
of SO;~. Measurements are from the University of Miami network. a) Monthly mean, b)
annual mean, ¢) mean for December, January and February, d) mean for June, July and
August. Red symbols indicate a contribution of DMS to SO7~ higher than 50%. The solid
line indicates the 1:1 ratio, the dashed lines the 1:2 and 2:1 ratios. Units are pug(S) m—2.

sea surface concentrations in summer in the Southern High Latitudes are very high com-
pared to other regions of the ocean. Measurements reported from these regions confirm
these high concentrations in the sea surface layers. The model tends to slightly overesti-
mate these high values. The differences lie thereby in the range of the standard deviation
and only partly explain the too high simulated atmospheric SO3~ surface concentrations.
The sea-air exchange rate parameterization used (Wanninkhof, 1992) leads to the highest
flux compared to other existing sea-air exchange rate parameterizations (e.g. Nightingale
et al., 2000; Liss and Merlivat, 1986). Differences in the DMS flux can be up to a factor of
2 (e.g. Kettle and Andreae, 2000; Boucher et al., 2003). Despite too high simulated DMS
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emissions, one possible reason for the overestimated SO?~ surface concentration might
be a missing reaction mechanism of DMS in the atmosphere preventing the formation
of SO3~. Several studies highlight the importance of the reaction of DMS with bromine
oxide (BrO) radicals leading to the formation of DMSO (e.g. von Glasow and Crutzen,
2004; Boucher et al., 2003). This reaction mechanism is not included in our study. DMSO
reacts with OH in the atmosphere, whereas the reaction products are uncertain. It has
been postulated that dimethyl sulfone (DMSO,) is the main oxidation product leading to
the formation of methyl sulfinic acid (MSIA) and methyl sulfonic acid (MSA) (Yin et al.,
1990). A 1-d model study for marine boundary layer conditions (von Glasow and Crutzen,
2004) shows that the inclusion of halogen chemistry increases the DMS destruction by
about 25% in summer and 100% in winter time. The SO, yield from the oxidation of
DMS is simulated to be lower when halogen chemistry is included. However, the lack of
BrO measurements in the atmosphere makes a global assessment of the importance of the
BrO oxidation difficult.

Location Longitude Latitude Model  Measurements DMS contribution
annual mean annual mean to annual mean

[pg m—?] [ug m~?] (%]

Chatham Island - New Zealand -176.5 -43.9 0.52 0.27 59
Cape Point - South Africa 18.5 -34.3 1.08 0.60 37
Cape Grim - Tasmania 144.7 -40.7 0.89 0.30 51
linverargill - New Zealand 168.4 -46.4 0.49 0.44 60
Marsh - King George Island -58.3 -62.2 0.38 0.27 52
Marion Island 37.8 -46.9 0.44 0.08 61
Mawson - Antarctica 62.5 -67.6 0.08 0.11 73
Palmer Station - Antarctica -64.1 -64.8 0.24 0.09 63
Reunion Island 55.8 -21.2 0.40 0.35 54
Wellingtin - New Zealand 174.9 -41.3 0.75 0.43 52
Yate - New Caledonia 167.0 -22.1 0.59 0.43 45
Funafuti - Tuvalu -179.2 -8.5 0.58 0.17 60
Nauru 166.9 -0.5 1.22 0.15 58
Norfolk Tsland 168.0 -29.1 0.51 0.27 55
Rarotonga - Cook Islands -159.8 -21.2 0.19 0.11 65
American Samoa -170.6 -14.2 0.25 0.34 64
Midway Island -177.4 28.2 0.46 0.52 33
Oahu Hawaii -157.7 21.3 0.73 0.51 33
Cheju - Korea 126.5 33.5 6.14 7.21 6
Hedo Okinawa - Japan 128.2 26.9 3.55 4.28 15
Fanning Island -159.3 3.9 1.17 0.64 48
Enewetak Atoll 162.3 11.3 0.37 0.08 55
Barbados -59.4 13.2 0.75 0.67 38
Izana Tenerife -16.5 29.3 2.40 0.96 22
Bermuda -64.9 32.3 1.03 2.09 22
Heimaey Iceland -20.3 63.4 0.47 0.69 26
Mace Head - Ireland -9.9 53.3 1.70 1.27 22
Miami -80.2 25.8 1.82 2.17 18

Table 3.4: List of measurements sites from the University of Miami Network used in
Figure 3.11.
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3.5 Summary

The production of marine dimethylsulfide (DMS) and its fate in the atmosphere are sim-
ulated in a global coupled atmosphere-ocean circulation model. The processes for marine
DMS production and decay are included in the representation of plankton dynamics in the
marine biogeochemistry model HAMOCCH embedded in a global ocean general circulation
model (MPI-OM). The atmospheric model ECHAMS5 is extended by the microphysical
aerosol model HAM.

The simulated DMS sea surface concentrations generally match the observed concentra-
tions. The model captures the seasonal variation with high DMS sea surface concentra-
tions in high latitudes in summer. The global annual mean DMS sea surface concentration
of 1.8 nmol 17! lies within the range of DMS sea surface climatologies (e.g. Belviso et al.,
2004a).

We apply our simulated mixed layer depth (MLD) and chlorophyll o concentration to
the Sim¢6 and Dachs (2002) algorithm, to calculate DMS sea surface concentrations solely
from this two quantities. The resulting zonal mean DMS sea surface distribution is com-
parable to the one derived by Simé and Dachs (2002) using climatological MLD fields and
chlorophyll a@ concentrations from SeaWiFS. However, compared to the DMS sea surface
concentration simulated with the biogeochemical model the Simé and Dachs (2002) algo-
rithm results in distinct different DMS sea surface distributions. This is most pronounced
in the Northern Hemisphere, with simulated values lower than the ones predicted from
the Simé and Dachs (2002) algorithm.

The treatment of DMS in a coupled atmosphere-ocean model including a microphysical
aerosol scheme and an atmospheric sulfur model allows to gain additional insight into
the DMS representation in the model by a comparison with atmospheric DMS related
measurements. The simulated DMS flux into the atmosphere is 28 Tg(S) yr~"' which is
in the range of current estimates (e.g. Kettle and Andreae, 2000). The resulting column
integrated burden of DMS in the atmosphere is 0.08 Tg(S) and the lifetime is 1.0 days.
DMS contributes 30% to the total sulfur source considered in the model (sulfur emissions
from fossil- and bio-fuel use, wildfires and volcanoes and sulfur from DMS oxidation).
The contribution of SO, derived from oxidation of DMS by OH and NOj to the total SO,
column burden is 25%. SO, is oxidized by OH in the gas phase and by H,O, and O3 in
the aqueous phase to form SO?". 27% of the produced SO? can be attributed to DMS
oxidation. The contribution is highest in the biologically active season in remote regions
of the Southern Ocean with values up to 90%.

The comparison of SO?~ measurements and simulated SO?~ concentrations at remote
sites where the contribution of DMS to SO?™ is generally high shows an overestimation of
the SO3~ surface concentrations by the model, most pronounced in the biologically active
season. Possible explanations are an overestimation of the DMS sea surface concentra-
tion, a too high sea-air exchange rate or a missing reaction mechanism of DMS in the
atmosphere. The simulated DMS sea surface concentrations are generally in agreement
with the observations. A direct validation of the DMS flux is not possible because it
cannot yet be measured directly. A missing reaction of DMS in the atmosphere model is
the reaction with BrO. It has been shown by several investigators that this reaction is
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important in remote regions (e.g. von Glasow and Crutzen, 2004; Boucher et al., 2003).
However, the concentration of BrO in the atmosphere is not well known which makes a
global assessment not feasible.

The generally good agreement between model and measurements indicates that the DMS
cycle in the model represents the processes governing DMS sea surface concentrations,
DMS emissions and resulting atmospheric concentrations reasonably well. However, the
lack of measurements of the consumption and production processes of DMS in the ocean
hampers the full evaluation of the DMS formulation as a predictive tool for DMS in the
atmosphere. Nevertheless, the DMS formulation applied in a coupled ocean-atmosphere

model is a step forward in providing a model system to assess marine biosphere-climate
feedbacks.
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Chapter 4

The evolution of the DMS cycle in a
transient climate simulation

In order to investigate the response of the DMS sea surface concentration, the DMS flux,
and the DMS concentration in the atmosphere to climate change caused by anthropogenic
perturbations the fully coupled global ocean-atmosphere model described in detail in the
previous chapter was forced with the IPCC SRES A1B scenario for greenhouse gases,
aerosol and aerosol precursor emissions. This chapter focuses on the response of the marine
biology and the subsequent changes in the DMS emissions and DMS concentrations in the
atmosphere to global warming caused by increasing anthropogenic activities. The main
question is whether DMS emissions increase or decrease in a warmer climate. The results
presented here have been submitted in this form to Global Biogeochem. Cycles.!

4.1 Simulation setup

The simulation is started from a control run using preindustrial conditions for the aerosol
and aerosol precursor emissions, well-mixed greenhouse gases and ozone. Preindustrial
conditions refer here to the assumed values for 1860, i.e. for the well-mixed greenhouse
gases: C0,=286.2 ppmv, CH;=805.6 ppbv, NoO= 276.7 ppbv, CFC — 11*=12.5 pptv,
and CFC — 12=0 (CFC — 11* accounts for the effect of minor species, including a small
contribution from natural sources). The respective emissions for the prescribed aerosol
and aerosol precursors together with the interactively calculated emissions for the year
1860 are listed in Table 4.1. The model run is performed until a quasi steady state is
reached, from then on the transient climate simulation is integrated until present-day con-
ditions (simulation period: 1860-2000), and further onwards until the year 2100 following
the SRES A1B scenario for the greenhouse gases as well as for the aerosol and aerosol
precursor emissions.

Until 2000, the model takes into account the variation in solar irradiance according to
Solanki and Krivova (2003), and influences of volcanic aerosols on the radiation by inclu-

lsubmitted as: S. Kloster, J. Feichter, E. Maier-Reimer, E. Roeckner, P. Stier, P. Wetzel, K.D. Six
and M. Esch, Response of DMS in the ocean and atmosphere to global warming, to Global Biogeochem.
Cycles.
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1860 maximum 1861-1890 2061—2090

S0, [Tg(S) yr 1] 17.01 106.50 (2020) 19.91 19.83
BC [Tg yrl] 1.28  30.65 (2080) 1.66 30.22
POM  [Tg yr~'] 20.05 186.73 (2050) 31.39 180.57
Dust  [Tgyr] 117111 - 1128.68 1203.50
Seasalt [Tgyrl]  6295.09 - 6263.44 6252.47

Table 4.1: Aerosol and aerosol precursor emissions simulated and prescribed within the
aerosol model HAM.

sion of the optical depth of volcanic aerosol above the tropopause level as estimated by
Sato et al. (1993). We used the updated version available at

http://www.giss.nasa.gov/data/strataer. The well-mixed greenhouse gases are prescribed
according to observations (smoothly fitted to ice core data, direct observations, and SRES
values for the year 2000). Ozone is prescribed on a monthly basis in the troposphere and
stratosphere following Kiehl et al. (1999). The offline monthly mean oxidant fields (OH,
H,05, NOy, O3) needed in the sulfur chemistry scheme are taken from calculations of
the MOZART chemical transport model (Horowitz et al., 2003) representative for the
year 2000. These fields are kept constant during the simulation period. This probably
introduces an error in our simulation, as these concentrations are likely to change under
changing climatic conditions and emissions. As a result of the increase in water vapour
concentrations in the atmosphere in a warmer climate, chemical transport models show
that the tropospheric oxidant concentrations of OH, HyO,, and O3 are enhanced (e.g.
Johnson et al. (1999), Gauss et al., 2003 ). The NO, emissions are slightly increasing
between 2000 and 2050 (from 7.0 to 7.4 Tg(N) yr—!) and are from then on reduced reach-
ing in 2100 7.0 Tg(N) yr~! according to the A1B storyline of the IPCC SRES scenario.
We expect a similar variation in the atmospheric NOy concentrations. However, these
changes are not included in our transient climate simulation. We will discuss the impact
of this simplification in more detail in the summary chapter.

The aerosol and aerosol precursor emission fluxes of anthropogenic SO, and BC are pre-
scribed based on an inventory derived by the Japanese National Institute for Environ-
mental Studies (NIES) following the SRES A1B storyline from 2000 on (T. Nozawa et
al., pers. comm., 2004). Sources for BC are fossil fuel combustion, domestic fuel wood
consumption, agricultural waste burning, and vegetation fires. Apart from BC emissions
from fossil fuel combustion and SO, fossil fuel emissions, which are prescribed annually,
the other emissions are prescribed on a monthly mean basis. The POM emission flux is
estimated from the BC emission flux using source specific emission ratios (F. Dentener,
pers. comm.). The same applies to the SO, emissions from vegetation fires which are
derived by a scaling of the BC emissions from vegetation fires. The transient evolution
and the global distribution of the single emission fluxes and the resulting aerosol distri-
butions are described in detail in Stier et al. (2005a). Here we only summarize the global
annual mean emissions assumed for the preindustrial control run (assuming the emissions
of the year 1860), the two periods of interest for the following analysis (1861-1890 and
2061-2090), and the year with the respective highest emissions (Table 4.1). Total SO,
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1861-1890 2061-2090
organic carbon export [GtC yr—!] 4.23  3.71 (-12.4%)
CaCOj3 export [GtC yr!] 0.257  0.260 (+0.9%)
Si(OH)4 export [Tmol(Si) yr~'] 71.48 60.56 (-15.3%)

Table 4.2: Global mean simulated export productions within HAMOCCS5. Values in
parenthesis are percentage changes between the periods 1861-1890 and 2061-2090.

emissions (fossil fuel, volcanoes, and vegetation fires) peak at around 107 Tg(S) yr~" in

the year 2020. The POM emissions are dominated by the contribution from vegetation
fires and peak in 2050 at 187 Tg(POM) yr='. The BC emissions show a peak later on
(2080) amounting to 31 Tg(C) yr—!. The interactively calculated sea salt emissions show
no significant trend during the simulation period, whereas the dust emissions show an
increase towards the end of the simulation period (between 1861-1890 and 2061-2090 the
dust emissions are increased by around 6%).

4.2 Results

To separate the climate change signal from the interannual variability we analyse the
difference between the mean state of two 30 year periods. We choose the periods 1861-1890
(19C) for preindustrial conditions and the period 2061-2090 (21C) for future conditions.
We consider three aspects: First, we analyse changes in physical quantities affecting the
biological production in the ocean and hence DMS sea surface concentrations and DMS
emissions into the atmosphere. Second, we investigate the response of DMS sea surface
concentrations and the DMS flux into the atmosphere to global warming. Third, we assess
the resulting changes of DMS concentrations in the atmosphere. Finally, we summarize
the findings by relating the observed changes to each other. Results are presented in
terms of differences between future (21C) and pre-industrial conditions (19C). Following
Roeckner et al. (2005), we test the significance of the differences by applying a non-
parametric test, as the usual parametric Student’s t test is only applicable for normal
distributed parameters. The null hypothesis is formulated as follows: The difference
(21C-19C) of any variable is within the range of variations between randomly chosen
30-year segments of a control run. In order to enlarge the sample size, not only data
from the control run (100 years) are used, but also data from the detrended 20th century
simulation. We estimate the distribution of differences by splitting the enlarged control
sample (240 years) into 30-year periods taking the average for each period (8 means).
By forming differences across all available 30-year means (n(n-1)/2)=28 differences are
obtained. We then determine if the difference (21C-19C) is larger than the 95% percentile
of this frequency distribution. If this is the case, we reject the null hypothesis with a risk
of less than 5%.



54 4 The evolution of the DMS cycle in a transient climate simulation

4.2.1 Changes in the physical quantities affecting the biological
production

Detailed descriptions of the atmospheric and oceanic physical mean state and the response
to the global warming are presented elsewhere (e.g. Roeckner et al. (2005) focusing on
changes in the atmosphere, Stier et al. (2005b) focusing on the evolution of the micro-
physical aerosol system, Jungclaus, J. et al. (2005) focusing on the change in the ocean
circulation). Here we summarize the physical changes most relevant to future DMS sea
surface concentrations and to the DMS flux into the atmosphere.

The transient evolution of the deviation of the global mean air and sea surface temper-
ature and observed global mean temperature from the mean state 1961-1990 are shown
in Figure 4.1. The warming signal observed since the late 19th century is well captured
by the simulation. In the assumed IPPC SRES scenario A1B, the well-mixed greenhouse
gases in the atmosphere show a strong increase from the late 19th century on, leading to
a rapid increase in the global mean 2m temperature. In 2100, the global mean 2m tem-
perature is predicted to rise by around 3.6°C compared to the mean state averaged over
the period 1961-1990. The global mean sea surface temperature mirrors the rise in the
global mean 2m temperature. The pattern of the sea surface temperature change shows
the strongest warming, between 19C and 21C around 4°C, in the North Pacific (Figure
4.3a) and a minimum in the Southern Ocean and in the North Atlantic (due to high ocean
heat uptake in areas of deep ocean mixing). Similar global warming patterns are evident
in previous global climate change studies (e.g. Cubasch et al. (2001), Sarmiento et al.
(2004)).

The warming of the atmosphere and ocean surface causes a melting of the sea ice. This

has a direct impact on the DMS flux, which is inhibited in regions covered by sea ice.
The melting accelerates during the first half of the 21th century (Figure 4.2). The annual
mean sea ice areal coverage has declined by 44% around Antarctica in 21C compared to
the initial state in 19C; the decline in the Arctic is even higher (-50%). In both hemi-
spheres the summer season shows the strongest decline. In Antarctica the sea ice coverage
is reduced by 70% . The summer season in the Arctic is almost ice free (-98%).
Under warmer climate conditions the 10m wind speed increases most noticeably in the
central equatorial Pacific and the southern high latitudes (Figure 4.3b). The increase in
the southern high latitudes combined with a decrease around 40° S is associated with
a poleward shift of the storm tracks. This shift has also been observed in other global
warming simulations and is related to changes in the zonal SST gradient of the Southern
Hemisphere (e.g. Bengtsson et al. (2005)).

The increase in the sea surface temperature and an enhanced freshwater flux in the high
latitudes induced by stronger rainfall (not shown) cause an overall reduction in the surface
water density consequently enhancing the ocean stratification. The impact of increased
stratification is reflected in the simulated mixed layer depth (MLD). The MLD is defined
as the shallowest depth at which water density exceeds its surface value by 0.125 kg/m?.
The maximum MLD, defined as the deepest MLD of the year, decreases in most parts of
the ocean (Figure 4.4a). The decline is strongest where the MLD is deep, for instance
in the Southern Ocean and the North Atlantic. Only a few regions show an increase in
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Figure 4.1: Temporal evolution of the deviation of the annual mean SST (solid
black), annual mean 2m temperature (dashed blue) and observed annual mean tem-
peratures (red line) from the mean state of 1960-1990 smoothed using a 5-year run-
ning mean. Units are [°C|. Observations are from P. D. Jones et al.: Global and
hemispheric temperature anomalies - land and marine instrumental records, available
at http://cdiac.ornl.gov/trends/temp/jonescru/jones.html.

the MLD. The shoaling of the maximum MLD is evident in most AOGMCs under global
warming (e.g. Sarmiento et al. (2004), Manabe (1998)) and is accompanied by a reduction
in the Atlantic meridional overturning circulation (19C: 22 Sv; 21C: 16 Sv). Changes in
the maximum MLD greatly impact the vertical flux of nutrients into the surface ocean
waters, stimulating or suppressing surface biological production (e.g. Quere et al. (2003),
Bopp et al. (2001), Sarmiento et al. (2004)) and therefore influencing DMS production.
The change pattern of the minimum MLD (Figure 4.4b) reflects the changes in the 10m
wind speed (Figure 4.3b). An increase in the minimum MLD is found south of 50° S
accompanied by a reduction between 40° and 50° S both caused by the poleward shift of
the storm track region. Changes in the minimum MLD become important for the marine
biology in regions where the primary production is predominantly light limited, such as
in the Southern Ocean (e.g. Boyd (2002)).
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Figure 4.2: Temporal evolution of total sea ice areal coverage in the Artic (black) and
Antarctic (blue) smoothed using a 5 year-running mean. Solid lines: annual mean, dashed
lines: March mean, dashed-dotted line: September mean. Units are [Million km?).

4.2.2 Response of DMS sea surface concentrations and DMS
flux to climate change

The DMS sea surface concentration is controlled by the DMS production, DMS degra-
dation, DMS emission and transport in the ocean. Simulated are the DMS production
by phytoplankton, the consumption by bacteria, the photo-oxidation of DMS to DMSO
in the surface waters, and the ventilation into the atmosphere. DMS production is pa-
rameterized as a function of the export of calcium carbonate and silicate. The export
itself is driven by the changes in the total biological production which is influenced by
the availability of nutrients, solar radiation, and, to a lesser extent, temperature (Quere
et al. (2003), Bopp et al. (2001)). Before we discuss the changes in the DMS production
and degradation we investigate changes in the driving factors of biological production and
export in more detail.

Changes in the nutrient distribution

Limiting nutrients considered in HAMOCC5 are phosphate (PO,), nitrate (NO3), and
iron (Fe). In general, the global warming induced stratification in the ocean reduces the
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vertical transport of nutrients into the surface layers and subsequently the nutrient’s sur-
face concentrations. The surface concentration of phosphate in 21C is reduced by 6%
compared to 19C (Table 4.2). The reduction for the nitrate surface concentration is of
similar magnitude. The iron surface concentration is reduced by about 3%. The iron
surface concentration depends, besides on the mixing into the surface layers, on the dust
deposition onto the ocean surface. The explicitly simulated dust deposition increases by
6% between the periods 19C and 21C (Table 4.1). This increase is predominantly caused
by higher dust emissions due to higher wind speeds in the Saharan northwestern source
region and subsequent higher dust deposition into the equatorial Atlantic (not shown).
This partly counteracts the reduction in sea surface iron through the shoaling of the MLD.
However, as the changes in the dust deposition are largest in the equatorial Atlantic where

0075 225 375 525 6.75 825 975 11.25 1275 14.25 -2 -1.5 -1 -0.5 0.5 1 1.5 2

Figure 4.3: A: Annual mean sea surface temperature in [° C]. B: Annual mean 10m wind
speed in [m/s]. Left-hand column: Mean values for the period 1861-1890. Right-hand
column: Absolute changes between the periods 1861-1890 and 2061-2890.
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Figure 4.4: A: Maximum mixed layer depth of the year in [m]. B: Minimum mixed layer
depth of the year in [m]. Left-hand column: Mean values for the period 1861-1890.
Right-hand column: Absolute changes between the periods 1861-1890 and 2061-2090.
Grey areas are regions where the absolute changes are below the 95% significance level.

the primary production is not limited by iron (Aumont et al., 2003) we conclude that the
overall impact on the biological production and the DMS production in our simulation
is only of minor importance. However, dust emissions in our simulation are calculated
assuming fixed source areas and vegetation cover representative for the year 2000. There-
fore, the simulated changes in the dust emissions and depositions are probably only a
lower estimate. Surface silicate is reduced by 8% in the 21C period compared to 19C.
The stronger reduction of silicate compared to nitrate and phosphate is caused by the
different prescribed vertical penetration profiles. Generally, silicate maximum concentra-
tions are at deeper levels than phosphate and nitrate maxima. Therefore, a reduction in
the vertical mixing has a stronger effect on silicate than on phosphate or nitrate.
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1861-1890 2061-2090

phosphate [gmol 17! 1.00  0.95 (-5.0%)
silicate [ppmol 171 13.78  12.63 (-8.3%)
nitrate [pmol 171] 15.60 14.82 (-5.0%)
iron [nmol 1] 0.265  0.258(-2.6%)

Table 4.3: Global mean nutrients surface concentrations as simulated within HAMOCCS5.
Values in parenthesis are percentage changes between the periods 1861-1890 and 2061—
2090.

The global change pattern for surface phosphate concentrations shows a strong decline in
the Indian and South Atlantic Ocean caused by the stratification-induced reduced vertical
mixing (Figure 4.5a). Higher surface phosphate concentrations in the period 21C com-
pared to 19C are simulated in the North Atlantic and in the North Pacific corresponding
to regions with a deepening of the maximum MLD. The South East Pacific exhibits along
the coast of Peru higher phosphate surface concentrations despite a shoaling in the MLD.
In this region, the sea surface temperature response to the simulated global warming is
also weaker than in other regions (c.f. Figure 4.3a). This indicates that the region is
characterized by an inflow of relatively cold waters from the Antarctic Circumpolar Cur-
rent accompanied by a strong vertical mixing which reduces the warming signal. The
transport, of nutrient rich waters from the Southern Ocean into the East Pacific along the
coast of Peru ensures a high supply of nutrients. In the period 21C, the model simulates
less primary productivity in the Southern Ocean (between 50° and 60° S) leaving more
nutrients in the surface waters compared to the period 19C (c.f. Figure 4.5b). This leads
to an enhanced flow of nutrients into the southeast Pacific and explains the observed
increase in the phosphate surface concentration.

Changes in the export

The changes in nutrient surface concentrations have a strong impact on the net primary
production and export production. Averaged over the period 19C, the simulated export
is 4.23 GtC yr~!. In the period 21C, the export is reduced by 12% and amounts to 3.71
GtC yr~'. Similar findings are reported by Bopp et al. (2001). Under 2xCO, conditions
(assuming a 1% increase per year) compared to present-day conditions they find a reduced
export (globally by -6%). Our simulated changes in the export are linked to changes in
the net primary production (-8%), the phytoplankton concentration (-6%) and the zoo-
plankton concentration (-14%). This is in agreement with simulations performed by Bopp
et al. (2001) (net primary production: -9%, phytoplankton: -6%, zooplankton: -9%).
Changes of calcium carbonate and silicate export patterns are displayed in Figure 4.5b
and 4.5c. The silicate export declines for most parts of the ocean under warmer climate
conditions. The strongest decrease is simulated in the equatorial Atlantic and in the In-
dian Ocean coincident with the reduced phosphate surface concentration. An increase is
simulated in the regions around Antarctica and in the Arctic Ocean, in the South East
Pacific, and in the North Atlantic. In high latitudes, the reduced sea ice cover increases
the available insolation for photosynthesis and allows phytoplankton to grow. The North
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Figure 4.5: A: Annual mean surface phosphate concentration in [nmol 17']. B: Annual
mean export of silicate in [mmol (m? % year)~!]. C: Annual mean export of calcium car-
bonate in [mmol (m? * year)~']. Left-hand column: Mean values for the period 1861-1890.
Right-hand column: Absolute changes between the periods 1861-1890 and 2061-2090.
Grey areas are regions where the absolute changes are below the 95% significance level.
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Atlantic shows higher nutrient surface concentrations and enhanced silicate export pro-
duction in regions with a deeper maximum MLD under warmer climate conditions. In the
South East Pacific, the higher phosphate surface concentration causes a higher biological
production and subsequent a higher export production. In the zonal band between 50°
and 60° S, the export of silicate is largely reduced in the 21C period compared to 19C.
The difference pattern matches the simulated increase in the minimum MLD caused by
increasing wind speeds (c.f. Figure 4.4b and 4.3b). In the Southern Ocean, the primary
productivity is light-limited, i.e. winter mixing creates high nutrient concentrations at
the upper surface which cannot be utilized until insolation increases in springtime. Then
primary production takes place since the shoaling of the MLD keeps the phytoplankton
in the euphotic zone. An increase in the summer time MLD results in a mixing of phyto-
plankton into deeper regions where insolation is much lower than in the surface levels, as
light is attenuated by the water and by the phytoplankton itself (Equation 3.1). Overall,
there will be significantly less light available for phytoplankton growth and this diminishes
the primary productivity. The reduced maximum MLD in the Southern Ocean reduces
the nutrient supply. But given the large availability of nutrients in the Southern Ocean,
the deep winter mixing ensures a sufficient supply of nutrients into the surface waters even
after a reduction due to global warming. Additionally, we observe a slight decrease in the
solar radiative flux at the water surface (up to 10 W/m? on the annual mean, not shown)
caused by an increase in cloud cover in the zonal band between 50° and 60° S. Combining
these effects, the light conditions in the Southern Ocean are less favorable for primary
production in the 21C period compared to the 19C period, whereas the surface water
nutrient concentrations are almost identical. This leads to a reduced primary production
and subsequently to a reduced export of silicate.

Calcium carbonate export exhibits a different anomaly pattern compared to that of sili-
cate export (Figure 4.5¢). Globally, the export increases by about 1% (Table 4.2). The
regions with the strongest increase are the Indian Ocean and the South Atlantic where
the silicate export shows the strongest decline. This response of calcium carbonate ex-
port is caused by the fact that coccolithophorids abundance is limited by the presence
of diatoms. The simulated stronger export of calcium carbonate indicates a shift of the
phytoplankton species from diatoms towards coccolithophorids in the Indian Ocean and
in the South Atlantic.

Changes in the DMS production and degradation processes and resulting DMS
sea surface concentrations

As the simulated DMS production is coupled to the export production of silicate and
calcium carbonate, DMS production mirrors the changes in the export production. The
DMS cell content in diatoms is much lower than the DMS content in coccolithophoride
cells (Keller et al., 1989). Therefore, the export of calcium carbonate leads to higher DMS
production than the export of silicate. A shift towards more calcium carbonate export as
simulated in the Indian Ocean and the Atlantic Ocean is more than compensated by the
overall reduction in the export production in these regions, leading to an overall decrease
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Figure 4.6: A: DMS flux into the atmosphere in [mg(S) (m? x year)~']; B: DMS sea surface
concentration in [nmol 17']. Left-hand column: Mean values for the period 1861-1890.
Right-hand column: Absolute changes between the periods 1861-1890 and 2061-2090.
Grey areas are regions where the absolute changes are below the 95% significance level.

in the DMS sea surface concentration. Globally, the annual mean DMS production is
reduced by 13% in 21C compared to 19C (Table 4.4). The DMS degradation processes
show a similar decline. The photo-oxidation of DMS to DMSO is reduced by 13% and
the bacterial consumption by 14%. The DMS flux into the atmosphere is reduced as well
(-10%). This weaker decline of the DMS flux is predominantly caused by a higher sea
air exchange rate, kseq_qir, in the 21C period compared to the 19C period (+4%). The
increase in the sea air exchange rate, depending quadratically on the wind speed, is pre-
dominantly caused by an increase in the 10m wind speed (+1%) and is partly reduced by
a reduction in gas solubility at higher sea-water temperatures. The global pattern of the
changes in the DMS flux are displayed in Figure 4.6a. Similar to the export production,
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18611890 20612090
DM Sprod 327.88 283.21 (-13.6%)
DM S, 24.17  21.69 (-10.3%)
DM Spqe 272.39  234.16 (-14.0%)
DM Syy 31.32  27.36 (-12.6%)

Table 4.4: Global mean DMS production and degradation processes as simulated within
HAMOCCS5. Units are [Tg(S) yr~!']. Values in parenthesis are percentage changes be-
tween the periods 1861-1890 and 2061-2090.

the DMS flux is reduced in most parts of the ocean. The decrease around 60° S of the
export production is partly offset by the higher wind speeds simulated for 21C compared
to 19C in this region (c.f. Figure 4.3b). In the South East Pacific and in the North
Atlantic, the higher DMS production in the warmer climate combined with high wind
speeds in these regions results in a stronger increase in the DMS flux. Additionally, the
melting of sea ice allows a DMS flux into the atmosphere in regions that were covered by
sea ice in 19C.

How do these changes affect the DMS sea surface concentration? Globally, the DMS

sea surface concentration is reduced by 7% in the boreal summer season (June, July and
August) and by 15% in the austral summer season (December, January and February)
between 19C and 21C (Table 4.4). The major DMS degradation process is the DMS
consumption by bacteria. The DMS flux into the atmosphere accounts for only about
8% of the total DMS sink. Therefore, the changes in the DMS sea surface concentrations
are largely driven by the changes in the DMS production and the DMS consumption by
bacteria. As these processes mirror the changes in the export production, the changes
in the DMS sea surface concentrations behave very similar. In most parts of the ocean,
lower DMS sea surface concentrations are simulated in 21C compared to 19C.
The global mean changes for the different ocean basins are listed for the boreal summer
and winter seasons for the period 19C and 21C in Table 4.5 and are displayed for the
entire simulation period in Figure 4.7. In the boreal winter season, the highest DMS
sea surface concentrations are simulated in the Southern Ocean (6.2 nmol 17! for 19C).
These high concentrations persist until the late 19th century and become then reduced
by 13% in 21C compared to 19C. In the boreal summer season, the highest DMS sea
surface concentrations are simulated in the North Atlantic (2.36 nmol 17! for 19C). With
increasing sea surface temperatures from the late 19th century on, the DMS sea surface
concentration decreases and is reduced in 21C by around 11% compared to 19C.

The strongest decrease in DMS sea surface concentrations is simulated in the South
Atlantic for the boreal winter season (-29%). An increase in the DMS sea surface concen-
tration is simulated for the low productive austral winter season in the Southern Ocean
(+14%). However, the austral winter DMS sea surface concentrations in the Southern
Ocean are almost zero and thus the influence on the global DMS change is only of minor
importance.
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Figure 4.7: DMS sea surface concentration. Left: boreal winter season (December, Jan-
uary, February), right: boreal summer season (June, July, August). Black = North
Pacific, black dotted = South Pacific, red = North Atlantic, red dotted = South Atlantic,
green = Southern Ocean, blue = Indian Ocean. Data are smoothed using a 5-year running
mean. Units are [nmol 17].

4.2.3 Response of DMS in the atmosphere

The DMS emission from the ocean represents the largest source of DMS in the atmo-
sphere. Emissions from vegetation and soil are only of minor importance (0.3 Tg(S) yr—*
on the global annual mean (Pham et al., 1995)). Changes in the oceanic DMS emission
will therefore have a strong impact on the atmospheric concentration of DMS. In the
atmosphere DMS is mainly oxidized with OH during day-time and by NOj3 during night-
time. One of the reaction products is SOy (Andreae and Crutzen, 1997). The pattern
of the vertical integral of the DMS oxidation (Figure 4.8a) mirrors the DMS flux into
the atmosphere. Regions with high DMS emissions coincide with regions of high DMS
oxidation rates. The reduction in the DMS emission flux into the atmosphere causes a
reduction in the total DMS oxidation in the atmosphere (c.f. Figure 4.8a and 4.6a). Re-

DMS sea surface concentration [nmol 171] DMS flux [Tg(S) yr— 1]

1861-1890 2061-2090 1861-1890 2061-2090

JJA | DJF | JJA DJF JJA DJF JJA DJF
North Atlantic 2.36 | 0.77 2.12 (-10.5) 0.59 (-23.3) | 4.11 1.73 3.84 ( -6.7) 1.30 (-24.9)
South Atlantic | 1.15 | 2.64 | 0.99 (-13.6) | 1.87 (-20.1) | 1.43 | 2.69 | 1.28 (-10.6) | 2.09 (-22.1)
North Pacific 1.74 | 1.00 | 159 (-8.7) | 0.89 (-11.3) | 4.76 | 3.18 | 4.15 (-12.9) | 3.53 (+11.4)
South Pacific 0.88 | 1.77 | 0.87 (-0.36) | 1.42 (-19.6) | 2.74 | 4.39 | 2.95 ( +7.7) | 3.74 (-14.7)
Indian Ocean 1.10 | 1.91 0.98 (-10.8) 1.61 (-15.7) | 3.19 3.49 2.79 (-12.6) 2.80 (-19.5)
Southern Ocean | 0.03 | 6.20 | 0.04 (+14.3) | 5.41 (-12.7) | 0.18 | 23.72 | 0.20 (+19.5) | 22.22 ( -6.5)
global 126 | 241 | 1.I8 (6.5) | 2.06 (-14.4) | 18.28 | 40.15 | 17.14 (-6.2) | 36.69 ( 8.6

Table 4.5: DMS sea surface concentration and DMS flux into the atmosphere for different
regions. Values in parenthesis are percentage changes between the periods 1861-1890 and
2061-2090.
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Figure 4.8: A: DMS oxidation in [mg(S) (m? x year)~']; B: Annual mean DMS burden in
the atmosphere in [ug m™2]. Left-hand column: Mean values for the period 1861-1890.
Right-hand column: Absolute changes between the periods 1861-1890 and 2061-2090.
Grey areas are regions where the absolute changes are below the 95% significance level.

gions with an increase in the DMS flux between the periods 19C and 21C coincide with
regions where the total DMS oxidation is enhanced, for instance at high latitudes of the
Southern and Northern Hemisphere. Globally, the total DMS oxidation is reduced by
10% (Table 4.6). Oxidation of DMS with NOj is increased in the 21C period compared to
the 19C period (+3%), whereas the oxidation with OH is reduced by 13%. The oxidation
with NO3 becomes only prevalent in the polluted regions of the Northern Hemisphere
during winter when OH concentrations are low. Enhanced oxidation of DMS due to the
reaction with NOj is therefore most likely caused by an increase in the DMS emission flux
in the North Pacific which amounts to 12% when averaged over December, January and
February (see Table 4.5).
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As the lifetime of DMS is short, the resulting DMS burden shows highest values in regions
with strong DMS emissions most noticeably in the Southern Ocean (Figure 4.8b). The
global change pattern of the DMS burden between the periods 19C and 21C is comparable
to changes in the total DMS oxidation and the DMS flux (Figure 4.6a and 4.8a) although
the magnitude of the changes is smaller. The mid and low latitudes show only a weak
decrease in the DMS burden, despite a stronger reduction in the DMS flux.

Figure 4.9 shows the vertical profile of zonal mean DMS concentrations in the atmo-
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Figure 4.9: Vertical profile of the zonal annual of DMS in the atmosphere in [pptv].
Left-hand column: Mean values for the period 1861-1890. Right-hand column: Absolute
changes between the periods 1861-1890 and 2061-2090.

sphere for the 19C period together with the absolute changes between the periods 19C
and 21C. DMS in the atmosphere shows a strong increase in the high latitudes. This
increase is caused by increasing DMS emissions in these regions. Higher DMS concen-
trations are also found in the lower troposphere in the mid and low latitudes in the 21C
period. To a first glance this is in contrast to the simulated decrease in the DMS flux
into the atmosphere in most of the mid and low latitudes (Figure 4.6a). The increasing
concentrations of DMS in the atmosphere in the mid and low latitudes despite decreasing
DMS emissions can be explained by a less efficient DMS oxidation (longer DMS lifetime)
in the 21C period. The main oxidation mechanism is the DMS oxidation with OH. OH
levels exhibit low values in the high latitude regions and lower concentrations near the
surface than in the free troposphere (data not shown). This implies that DMS has a rel-
atively long lifetime when emitted at high latitudes or when remaining in the boundary
layer in the mid and low latitudes. In the warmer 21C period the vertical transport of
DMS in the atmosphere becomes weaker in the mid and low latitudes which keeps DMS
longer at lower altitudes, where it is less efficient oxidized compared to higher altitudes.
The reduction in the vertical transport in the atmosphere is caused by an overall decrease
in the temperature lapse rate in the mid and low latitudes as depicted in Figure 4.10.
This explains the simulated increase in the DMS lifetime and the unproportional weak
response of the DMS concentration in the atmosphere to the reduced DMS emissions in
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Figure 4.10: Vertical profile of the zonal mean temperature difference between the periods
1861-1890 and 2061-2090 in ° C. Green: zonal mean between 0 and 30°, Red: zonal
mean between 30 and 60°. Solid lines: Northern Hemisphere, lines with bullets: Southern
Hemisphere.

the mid and low latitudes.

4.3 Relationship between changes in the DMS sea
surface concentration, the DMS emissions, and
the DMS burden in the atmosphere

Figure 4.11 compares the zonally averaged percentage changes between the periods 19C
and 21C of the DMS sea surface concentration, the DMS flux, the total DMS oxidation
and the DMS burden in the atmosphere. As apparent from the global change pattern
(Figure 4.6b), the zonal annual mean DMS sea surface concentration decreases almost
everywhere, except at high latitudes of the Northern and Southern Hemisphere. Here the
reduction in the sea ice coverage increases the insolation and leads to an enhanced pri-
mary productivity in the ocean. The strongest reduction, up to 40%, is simulated within
the zonal band between 50° and 60° S. The increase in the summer MLD in this region
(Figure 4.4b) together with a reduction in the shortwave radiation reduces the available
light for primary productivity and leads to a decrease in the export production (Figure
4.5b) and subsequently of the DMS sea surface concentration. In the mid and low lat-
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Figure 4.11: Zonal annual mean changes between the periods 1861-1890 and 2061-2090
in %. A: DMS sea surface concentration; B: DMS flux; C: vertically integrated DMS
oxidation; D: DMS burden.

itudes the reduction in DMS sea surface concentrations (around -10%) is caused by the
stratification-induced reduction in the maximum MLD, leading to a strong reduction in
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1861-1890 2061-2090
DMS burden  [Tg(S)] 0.077  0.075 (-3.0%)
DMS + OH  [Tg(S) yr ] 20.48 17.88 (-12.7%)
DMS + NOj;  [Tg(S) yr™'] 3.97  4.09 (+3.0%)
DMS total [Tg(S) yr~!] 24.45 21.97 (-10.1%)
DMS lifetime [d] .01 1.08 (+7.0%)

Table 4.6: Global mean DMS budget in the atmosphere as simulated within the aerosol
model HAM. Values in parenthesis are percentage changes between the periods 18611890
and 2061-2090.

surface nutrient concentrations.

The large reduction in the DMS sea surface concentration between 50° and 60° S partly
offsets the simulated increase in sea surface wind speed resulting in a weaker DMS flux
into the atmosphere. Higher wind speeds in this region are caused by a shift of the storm
track regions towards the south. As a consequence of this shift, the wind speeds are lower
between 40° and 50° S leading to a decrease in the DMS flux despite almost constant DMS
sea surface concentrations. The DMS flux shows a sharp increase north of 70° N. DMS
sea surface concentrations are also increasing, but to a smaller extent. In summer, sea ice
cover vanishes completely in the Northern Hemisphere in the 21C period (c.f.Figure 4.2).
This causes an increase in biological production due to enhanced availability of light and
subsequently an increase in the DMS sea surface concentration. The response of the DMS
flux into the atmosphere is amplified by high surface wind speeds in this region leading
to a high DMS flux in the sea ice free regions in the 21C period.

The change in the total column integrated DMS oxidation shows a much smoother lati-
tudinal distribution than the DMS flux. The strongest reduction in the oxidation, about
20%, is located around 55° S and directly corresponds to the decreasing DMS flux. At
the northern high latitudes the DMS oxidation rates increase in correspondence to the
increase in the DMS flux. In the southern high latitudes, the increase in the DMS oxi-
dation is about 20% which is much smaller than the increase in the DMS flux (+60%).
This is due to the fact that the DMS flux is over ice covered regions assumed to be zero.
The percentage change is therefore higher for the DMS flux than for the DMS oxidation
south of 60° S.

The zonal change pattern of the DMS burden differs from that of the DMS oxidation rate
in low and mid latitudes. Here the changes of the DMS burden are very small and in
some regions the trend is even slightly positive, despite decreasing DMS emissions. This
implies that in the 21C period DMS is less efficiently oxidized than in the 19C period,
because in mid and low latitudes reduced vertical transport in the 21C period keeps DMS
closer to the surface, where OH levels are lower than in the free troposphere. Thus, DMS
experiences a longer lifetime in the warmer 21C period (+7%). This partly offsets the
reduction in the DMS flux. However, regions with a strong reduction in the DMS flux,
for example around 50° S, are accompanied by a moderate reduction in the DMS burden.
The largest changes for all quantities are simulated in the northern and southern high
latitudes. These areas cover only a small part of the globe and have therefore only a small
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effect on the global mean changes.

4.4 Summary

Using a coupled ocean-atmosphere model including submodels for the marine biogeochem-
istry and the microphysical aerosol system, we modeled the temporal evolution of DMS
in the ocean and in the atmosphere for the time period from 1860 until 2100 based on
the IPCC SRES scenario A1B. The processes for marine DMS production and decay are
included in the representation of plankton dynamics in the marine biogeochemistry model
HAMOCCS5 which is embedded in a global ocean general circulation model (MPI-OM).
The atmospheric model ECHAMS5 is extended by the microphysical aerosol model HAM.
Between the periods 1861-1890 and 2061-2090 the global mean 2m temperature increases
by 3.2°C. The oceanic response to global warming includes increasing sea surface temper-
atures, retreat of sea ice, and a general increase in ocean stratification. These changes
impact on the marine biology and subsequently on the DMS production in the ocean.
Our results indicate a reduction in the global annual mean DMS sea surface concentra-
tion and the DMS flux into the atmosphere in a warmer climate. Between the periods
1861-1890 and 2061-2090 we find a reduction of around 10% for both, the DMS flux and
the DMS sea surface concentration. Changes in the DMS sea surface concentrations are
predominantly controlled by changes in the export production. Regionally the response
and the underlying mechanisms are highly inhomogeneous:

1. At high northern and southern latitudes the DMS sea surface concentration shows
an increase. This increase is caused by the retreat of sea ice which enhances the
insolation in the ocean, the net primary productivity and subsequently the DMS
production.

2. At low and mid latitudes the DMS sea surface concentrations show a decrease (-
10 to -20%) predominantly caused by a stronger stratification of the ocean and a
subsequently reduced mixing of nutrients into the euphotic zone.

3. In the Southern Ocean between 50° and 60° S we find a strong reduction in the
DMS sea surface concentration (-40%) caused by an increase in the summer MLD.
Phytoplankton growth in the Southern Ocean is predominantly light limited. The
deeper summer MLD causes mixing of phytoplankton into regions where the condi-
tions for photosynthesis are less favorable than in the surface levels due to reduced
light availability. The increase in the summer MLD in this region is thereby caused
by a shift of the storm tracks towards the south.

4. In the South East Pacific we simulate an increase in the DMS sea surface concentra-
tion. This increase is caused by an increase in the horizontal transport of nutrients
into this region, owing to higher surface nutrients concentrations in the Antarctic
Circumpolar Current.
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5. Some regions of the North Atlantic show an increase in the DMS sea surface con-
centration caused by an increase in the winter MLD leading to a higher nutrient
transport into the euphotic zone.

Our results do not show a distinct response of the DMS production and hence the DMS
sea surface concentrations towards changes in the phytoplankton species composition.
This is in contrast to the study by Bopp et al. (2004). For climate conditions equiva-
lent to doubled present-day atmospheric CO, concentrations they simulate an increase in
the DMS sea surface concentration in the subantarctic Pacific, caused by a retreat of di-
atoms and an increase in other species more efficient in producing DMS. This shift results
mainly from a decrease in silicate surface concentrations. We simulate a decrease in sili-
cate surface concentration of similar magnitude in the subantarctic Pacific (10 gmol 17")
but additionally, due to the increase in the summer MLD, a decrease in the primary pro-
ductivity. Therefore, even the reduced silicate surface concentration is still sufficient to
supply enough nutrients for diatom growth. In contrast, the simulation of Bopp et al.
(2004) shows an increase in the primary productivity in the subantarctic Pacific. They
explain this increase with a longer growing season in the Southern Ocean caused by an
earlier reduction in the MLD in the year. However, due to the coarse resolution of their
ocean model, they cannot simulate the influence of changes in the summer MLD on the
primary productivity, which leads in our simulation to a strong reduction in the primary
productivity. Anyhow, our results indicate a retreat of diatoms in the Indian Ocean and
in the South Atlantic. Thereby, the accompanied increase in coccolithophorids, which are
more efficient DMS producers, is not large enough to overcome the general decrease in
export production.

The patterns of the DMS flux into the atmosphere are spatially consistent to that of the
changes in the DMS sea surface concentrations. Only in few regions the fluxes are partly
offset by an increasing sea-air exchange rate. The DMS concentrations in the atmosphere
are less affected by the changes in the DMS flux (-3% for the DMS burden). This is
due to the fact that DMS in a warmer climate has a longer atmospheric lifetime (+7%).
Reasons for that are a reduced vertical transport in the 21C period which keeps mid an
low latitude DMS longer in low altitudes where OH concentrations are lower than in the
free troposphere.

Although a quantitative estimate of the climate feedback of DMS is beyond the scope
of this study, the results here suggest that a global warming leads to a reduction in the
overall biological production in the ocean and therefore to a decrease in the DMS sea sur-
face concentration, which is in contrast to the negative feedback proposed in the CLAW
hypothesis (Charlson et al., 1987). In the CLAW hypothesis a key factor for a negative
feedback is an increase in the DMS sea surface concentration in a warmer climate. How-
ever, our simulation shows the opposite, i.e. decreasing DMS sea surface concentrations
in a warmer climate, for the global mean and most of the ocean surface.

Of coarse modeling, in particular modeling of biological processes, is associated with large
uncertainties. In the following we will address the most uncertain parts in our simulation.
First of all, the formulation of the DMS cycle in the ocean is optimized and tested by
using observed present-day DMS sea surface concentrations (Kloster et al., 2006). Up to
now it is not feasible to find global constraints for the DMS consumption and produc-
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tion processes. However, the agreement between the simulated relative magnitude of the
specific DMS production and degradation processes and observations of these processes
led us conclude that the DMS parameterization within HAMOCCS5 has some skills to
simulate the sensitivity of DMS production and thus may be able to simulate the process
correctly in a changing climate.

Another critical point in this simulation is that oxidant fields in the sulfur chemistry
scheme are prescribed and kept fixed. However, chemical transport models clearly demon-
strate that OH and NOjs, the main oxidants of DMS in the atmosphere, will increase in
the future. Pham et al. (2005) showed that the effect of changes in the oxidant fields from
2000 to 2100 assuming the SRES A2 scenario results in a global decrease of the DMS
burden by 22%, when atmospheric meteorological conditions are kept constant. However,
the SRES A2 scenario is a relatively extreme scenario compared to the SRES A1B sce-
nario applied in this study. We anticipate the SRES A1B scenario would result in smaller
changes. However, this would not change our conclusion that the DMS burden is reduced
in a warmer climate.
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Chapter 5

Conclusions

Charlson et al. (1987) proposed a biogeochemical feedback cycle in which marine phyto-
plankton can influence the climate through the marine biogenic sulfur compound dimethyl-
sulfide (DMS) often referred to as the CLAW hypothesis. In order to explain the relatively
stable global mean Earth temperature over geological time scales they suggested that this
biogeochemical feedback might be negative, stabilizing the Earth climate against pertur-
bations. In a warmer climate they assume that DMS production and emissions increase,
leading to a higher formation rate of sulfate aerosol particles which in turn might lead
to a larger number concentration of cloud condensation nuclei (CCN). More CCNs lead
to an increase in the number concentrations of cloud droplets. Therefore, clouds become
brighter and longer lived and reflect more sunlight back to space. This in turn cools the
Earth’s surface and offsets the initiating warming effect. Despite large research efforts in
the last years, it has not yet been possible to assess the strength of this feedback or even to
anticipate if this feedback is negative (stabilizing) or positive (intensifying). The largest
uncertainties remain in the assessment of the response of DMS sea surface concentrations
to changing climatic conditions.

The aim of this study was to investigate the extent to which marine DMS production and
emission is changing in a warmer climate. The first objective of this study was to:

e Establish a modeling system of the DMS cycle in the ocean and in the atmosphere
which simulates realistically and dynamically consistent DMS sea surface concen-
trations, DMS emissions, and DMS concentrations in the atmosphere.

The simulation setup consists of a coupled atmosphere-ocean general circulation model
(AOGCM), based on the atmospheric GCM ECHAMb5 and the ocean GCM MPI-OM.
Embedded in the ocean model is a marine biogeochemistry model (HAMOCCS5) which
simulates plankton dynamics and the DMS production and decay in the ocean. The
simulated DMS flux from the ocean serves as a lower boundary conditions in the atmo-
spheric model ECHAMS5. The atmosphere model includes a sulfur chemistry scheme and
an aerosol microphysics model (HAM) which calculate the atmospheric concentrations of
DMS, SO, in-cloud and gas phase oxidation to SO?~, the distribution of in-cloud formed
SO?™ and the condensation of gas-phase formed SO?~ on pre-existing particles, as well
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as the formation of sulfate aerosol particles. The performance of the coupled setup for
present-day conditions has been evaluated with available measurements both in the ocean
and in the atmosphere. To facilitate this evaluation, prescribed aerosol and aerosol pre-
cursor emissions representative for present-day conditions (year 2000) were applied.

The simulated DMS consumption and production processes in the ocean are consistent
in their relative magnitude with the observations available. The simulated global annual
mean DMS sea surface concentration is 1.8 nmol 17*. The seasonal variations with high
concentrations in the summer season of the northern and southern high latitudes generally
match the observations. The DMS flux into the atmosphere amounts to 28 Tg(S) yr~!
resulting in a column integrated DMS burden of 0.077 Tg(S) and a lifetime of 1.0 day.
DMS contributes 30% to the total sulfur source considered in the model (sulfur emissions
from fossil- and bio-fuel use, wildfires and volcanoes, and sulfur from DMS oxidation).
Atmospheric DMS oxidation products in the atmosphere contribute significantly to the
global annual mean column integrated SO, and SO%~ burden (25% and 27%, respectively).
For the biological active summer season of the Southern Hemisphere, the simulated atmo-
spheric SO?™ surface concentrations in regions with a high contribution from DMS derived
SO3F™ are overestimated. As the DMS sea surface concentrations are in agreement with
the observations, the most likely explanation is a missing chemical reaction mechanism in
the atmosphere preventing the formation of SO~ from DMS oxidation.

The generally good agreement between model and measurements indicates that the DMS
cycle in the model represents the processes governing DMS sea surface concentrations,
DMS emissions, and resulting atmospheric concentrations reasonably well. The DMS for-
mulation applied in a coupled ocean-atmosphere model is a step forward in providing the
tools for an assessment of the marine DMS biosphere-climate feedbacks.

The second objective of this study was to:

e Investigate the response of the DMS sea surface concentration, the DMS flux, and
the DMS concentration in the atmosphere to climate change caused by increasing
anthropogenic activities.

The evolution of the global DMS cycle from 1860 to 2100 has been investigated in a tran-
sient climate simulation. The results are analyzed in terms of changes in the biological
production and subsequent changes in the DMS production in the ocean, DMS sea sur-
face concentration, DMS emission, and DMS concentration in the atmosphere. The most
uncertain link in the CLAW hypothesis is the response of DMS sea surface concentrations
to climate change. The prognostic formulation of the DMS cycle in the ocean allows to
investigate this key link.

Between the periods 1861-1890 and 2061-2090 the global mean 2m temperature increases
by 3.2°C. The oceanic response to global warming includes increasing sea surface temper-
atures, retreat of sea ice, and a general increase in ocean stratification. These changes
impact on the marine biology and subsequently on the DMS production in the ocean.
The results show that a global warming leads to a reduction in the overall biological pro-
duction in the ocean and therefore to a decrease in the DMS sea surface concentration.
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Consequently, a reduction of around 10% for both, the global annual mean DMS flux and
the DMS sea surface concentration, is found between the periods 1861-1890 and 2061—
2090. This is in contrast to the negative feedback proposed by Charlson et al. (1987) in
the CLAW hypothesis. They assumed that changes in the DMS sea surface concentration
in a warmer climate are predominantly controlled by the following mechanisms:

e Reduced sea ice coverage will increase the area available for gas exchange (Charlson
et al., 1987).

The model results confirm this supposition. In a warmer climate the sea ice coverage is
strongly reduced leading to a larger area available for DMS gas exchange. Additionally,
the retreat of sea ice enhances the insolation in the ocean, the net primary productivity
and subsequently the DMS production and DMS sea surface concentration. The DMS
flux is increased by about 60% in the southern and northern high latitudes for the zonal
annual mean. However, the high latitudes cover only a small area of the globe and have
therefore a small effect on the global mean changes.

e Ecological changes can alter the abundance of phytoplankton species which effi-
ciently produce DMS (Charlson et al., 1987).

The simulation shows a shift of species composition in the Indian Ocean and South
Atlantic from diatoms towards coccolithophorids which produce DMS more efficiently.
However, the increase in the DMS production is not large enough to overcome the overall
reduction in the net primary production leading to a decrease in the DMS sea surface
concentration and the DMS flux.

e Changes in the wind fields affect the DMS flux (Charlson et al., 1987).

The simulated changes in wind speed are small between 1861-1890 and 2061-2090. Only
in the central equatorial Pacific a net increase in the DMS flux caused by higher wind
speeds is simulated. In other regions changes in the DMS sea surface concentration are
dominant.

e Assuming from observations that the DMS production is highest in tropical regions,
increasing sea surface temperatures might enhance DMS production (Charlson et al.,
1987).

The latter seems to be the most uncertain point in the CLAW hypothesis. It is observed
and also reproduced in the model simulation that DMS sea surface concentrations are
high in equatorial regions. The high concentrations are a result of high biological activ-
ity. Large upwelling regimes ensure a high transport of nutrients into the surface layers.
These high nutrient levels allow phytoplankton to grow and to produce DMS. Thereby,
the temperature itself has only a minor effect on phytoplankton growth.

The results presented here show that the dominant factors for controlling DMS sea sur-
face concentrations under warmer climate conditions are changes in the ocean dynamics.
These controlling factors were not considered in the CLAW hypothesis. The transport of
nutrients into the surface layers is strongly reduced in a warmer climate due to an increase
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in ocean stratification. The decrease in nutrients in the surface layers causes a reduction
in the net primary productivity in regions where phytoplankton growth is predominantly
limited by nutrients. Therefore, DMS sea surface concentrations and the DMS flux are
reduced in large parts of the mid and low latitudes (up to -10% for the zonal annual
mean between 1861-1890 and 2061-2090). The strongest reduction in DMS sea surface
concentrations in a warmer climate is simulated in the Southern Ocean between 50° and
60° S (up to -40% for the zonal annual mean between 1861-1890 and 2061-2090). In
the Southern Ocean phytoplankton growth is predominantly light limited. In a warmer
climate, higher wind speeds persist between 50° and 60° S causing a mixing of phyto-
plankton into deeper levels where light conditions are less favorable for photosynthesis,
thereby reducing the overall net primary productivity and the DMS production. Higher
wind speeds in this region are caused by a shift of the storm tracks towards the south in
a warmer climate.

In summary, changes in the ocean dynamics in a warmer climate lead to a reduction in
the net marine primary production and to a decrease in DMS sea surface concentrations.
Assuming that the other mechanisms in the DMS-cloud albedo feedback act as proposed
in the CLAW hypothesis this feedback is positive, i.e. intensifying the initiating warming
effect.

However, the DMS concentration in the atmosphere does not linearly respond to changes
in the DMS emissions because it is also influenced by other controlling factors like the
oxidation capacity of the atmosphere or the vertical distribution of DMS in the atmo-
sphere. In the presented simulation the column integrated DMS burden decreases by 3%,
implying a longer lifetime of DMS (+7%) in the atmosphere. These findings highlight
that the DMS cycle has to be studied in the comprehensive coupled ocean-atmosphere
system and can not be assessed solely in atmosphere or ocean model studies, as climatic
impacts on the DMS cycle influence both the atmospheric and the oceanic part in a non
linear way.
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Chapter 6

Outlook

Although large progress has been made in recent years to increase the understanding of
the DMS cycle in the ocean, the present knowledge of the relationship between the marine
eco-system and DMS production remains incomplete. Measurements of DMS and DMS
related quantities in the ocean over the last years just started to unravel the complexity
of the DMS cycle in the ocean. Many factors, that still need to be identified in more
detail, could be important for the role of biogenic DMS production in the climate system.
The work presented here is a step forward in providing a predictive tool for DMS sea
surface concentrations which allows to assess the role of DMS in the climate system. The
agreement, between the simulated relative magnitude of the DMS production and degra-
dation processes and observations of these processes led to the conclusion that the DMS
parameterization within the marine biogeochemistry model has some skills to simulate
the DMS production also in a changing climate. However, it would be desirable to have
more long-term (multi-decadal) DMS time-series measurements available in order to com-
pare the inter-annual variability of the simulated DMS sea surface concentration against
these measurements. Such a comparison would provide better insights in the predictive
capability of the established modeling system.

This study shows that global annual mean DMS emissions between 1861-1890 and 2061-
2090 are reduced by around 10% and the DMS burden in the atmosphere by around 3%.
A quantitative estimate how these changes perturb the radiation balance of the Earth
remains still unresolved. Future work will have to investigate the impact of SO? aerosol
particles derived from DMS oxidation in the atmosphere on cloud properties (cloud optical
thickness and cloud lifetime). The prognostic treatment of aerosol size distribution, com-
position, and mixing state in the ECHAMb5-HAM model allows for an explicit simulation
of cloud droplet and ice crystal number concentrations and therefore the assessment of the
indirect aerosol effects. The results presented here can be used to incorporate expected
changes in future DMS sea surface concentrations into climate equilibrium experiments
in order to estimate the climate sensitivity of the Earth system towards these changes.

The evolving Earth system model of the Max Planck Institute for Meteorology facili-
tates the treatment of the relationship of the DMS cycle in the ocean and atmosphere to
other physical and biogeochemical processes that have not been considered so far. The
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coupling of the model system to the vegetation model JSBACH will allow a more realistic
treatment of changes in dust emissions and subsequent of the oceanic deposition that
are largely driven by changes in land cover. Up to now, only dust deposition changes
caused by changes in the wind speed were considered which is probably an estimate on
the lower end of the expected changes on multi-century scales. Variations in mineral
dust depositions are expected to significantly influence the iron concentration in the sea
surface and therefore impact upon the marine primary production and DMS production
in the ocean. The coupling to the atmospheric chemistry model MOZART will advance
the sulfur chemistry as the oxidant concentrations are calculated explicitly. This becomes
especially important in climate change studies as the oxidant concentrations will change
significantly with increasing temperatures and increasing anthropogenic emissions. Fur-
thermore, the interactive treatment of the CO5 cycle in the atmosphere, biosphere, and
ocean as already applied in IPCC simulations recently performed at the Max Planck In-
stitute for Meteorology will allow to study the impact of changes in the ocean acidification
caused by increasing atmospheric CO, concentration on the phytoplankton speciation. It
is very likely that these changes will have a strong impact on calcifying organisms, as
the ocean becomes undersaturated with respect to calcium carbonate. Changes in species
composition caused by an ocean acidification will have a direct impact on the DMS pro-
duction in the ocean and should therefore be taken into account in future studies.
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