
Short-lived trace gases (DMS, isoprene,
acetaldehyde and acetone) in the surface waters

of the western Pacific and eastern Atlantic
Oceans

Dissertation
ZUR ERLANGUNG DES DOKTORGRADES

DER MATHEMATISCH - NATURWISSENSCHAFTLICHEN FAKULTÄT

DER CHRISTIAN-ALBRECHTS-UNIVERSITÄT ZU KIEL

VORGELEGT VON

CATHLEEN ZINDLER

KIEL, 2013





iii

Referent: PD Dr. Hermann W. Bange
Koreferent: Prof. Dr. Christa A. Marandino

Tag der mündlichen Prüfung: 15.04.2013
Zum Druck genehmigt:

gez. Prof. Dr. Wolfgang J. Duschl, Dekan





This thesis is based on the

following manuscripts

C. Zindler, A. Bracher, C. A. Marandino, B. Taylor, E. Torrecilla, A. Kock, and H. W.
Bange, Sulphur compounds, methane, and phytoplankton: interactions along a north-
south transit in the western Pacific Ocean, Biogeosciences Discuss., 9, 15011-15049,
2012, doi:10.5194/bgd-9-15011-2012.

Author Contribution: Cathleen Zindler measured most of the sulphur samples, analysed
the sulphur data and wrote the paper. Astrid Bracher, Bettina Taylor and Elena Torrecilla
analysed the pigment data and wrote the parts of the material and method and results
sections concerning the pigment data. Annette Kock measured and analysed the methane
samples. Hermann Bange und Christa Marandino reviewed the paper.

C. A. Marandino, S. Tegtmeier, K. Krüger, C. Zindler, E. L. Atlas, F. Moore, and H.
W. Bange, Dimethylsulphide (DMS) emissions from the West Pacific Ocean: a potential
marine source for the stratospheric sulphur layer, Atmos. Chem. Phys. Discuss., 12,
30543-30570, 2012, doi:10.5194/acpd-12-30543-2012.

Author Contribution: Cathleen Zindler measured most of the sulphur seawater samples,
analysed these samples, calculated the air-sea flux of DMS and created the Figure 2 and
3 in the paper as well as contributed to the material and method part. Christa Marandino
wrote the paper. Susann Tegtmeier analysed the data with the FLEXPART model and
wrote parts of the material and method and the discussion section. Elliot Atlas and F.
Moore provided the atmosphere DMS data. Kirstin Kruger and Hermann Bange reviewed
the paper.

C. Zindler, C. A. Marandino, H. W. Bange, E. S. Saltzman, D. W. R. Wallace, Dissolved
dimethylsulfide (DMS) and isoprene in the ocean surface layer along a north-south transit
in the eastern Atlantic Ocean (ms in preparation for ocean science).

Author Contribution: Cathleen Zindler measured and analysed the DMSP data and wrote

v



vi

the manuscript. Christa Marandino measured and analysed the DMS and isoprene data
and wrote parts of the material and method section and reviewed the paper. Eric Saltzman,
Douglas Wallace and Hermann Bange reviewed the manuscript.

C. Zindler, C. A. Marandino and H. W. Bange, Marine Sources and Sinks of the OVOCs
acetaldehyde and acetone (ms in preparation).

Author contribution: Cathleen Zindler and Christa Marandino conducted the experiments
and measured the OVOCs and CDOM. Cathleen Zindler analysed most of the OVOC
data, measured and anlysed the pigment data and measured the flow cytometry data and
wrote the OVOC chapter. Christa Marandino and Hermann Bange reviewed the chapter.



Zusammenfassung

Der Austausch von Spurengasen zwischen der Ozeanoberfläche und der unteren Atmo-
sphäre hat in den letzten Jahren speziell im Zusammenhang mit globalen Umweltverän-
derungen wie Eutrophierung, Ozeanerwärmung, Ozeanversauerung usw. eine erhöhte
Aufmerksamkeit erlangt. Der Ozean ist bekannt als Reservoir vieler klimarelevanter
Spurengase. Trotzdem sind Verteilung und Reaktionswege von Spurengasen wie Iso-
pren, Aceton und Acetaldehyd in der Oberfläche der Ozeane wenig verstanden. Selbst
die Reaktionswege des viel untersuchten Gases Dimethylsufid (DMS) sind nicht voll-
kommen verstanden. Diese Doktorarbeit führt verschiedene Studien zusammen, welche
neue Einblicke über das Schicksal von kurzlebigen, klimarelevanten Spurengasen wie
DMS, Isopren, Aceton und Acetaldehyde in der Obenflächenschicht des pazifischen und
atlantischen Ozeans geben.

• Die Verteilung von und die Reaktionen zwischen DMS, Dimethylsulfoniumpro-
pionat (DMSP) und Dimethylsulfoxid (DMSO) in der Oberflächenschicht wurden
in Verbindung mit der Phytoplanktonzusammensetzung und Methan entlang eines
Nord-Süd-Schnittes in westlichen Pazifik von Tomakomai (Japan) nach Townsville
(Australien) an Bord von FS Sonne zwischen den 9.9.2009 und 24.9.2009 un-
tersucht (Projekt: TransBrom). Ein enger Zusammenhang zwischen DMSP und
DMSO wurde basierend auf Korrelationen beider Verbindungen gefunden. Zusätz-
lich korrelierten die gleichen Phytoplanktonpigmente mit DMSP und DMSO, was
auf eine gleiche Quelle beider Verbindungen hindeutet. Das gemessene Verhältnis
von DMSPp zu DMSOp schien typisch für den oligotrophen, tropischen Atlantik
zu sein. Dieses Verhältnis könnte als möglicher Indikator für Stressbedingungen für
das Phytoplankton durch intensive solare Einstrahlung und Nährstofflimitierung di-
enen. Die Limitierung von Nährstoffen könnte die Urasche für die Akkumulation
von DMSO im oberflächennahen Westpazifik sein. Es schien, dass die Reaktions-
wege von DMSP und DMSO enger aneinander gekoppelt sind als an die von DMS.
Es konnten keine Phytoplanktongruppen als Quelle für DMS identifiziert werden,
welches auf andere Quellen von DMS, wie z. B. Bakterien, hinweist. Desweit-
eren wurden DMSP und DMSO als mögliche Substrate für die Methanproduktion
entlang des ganzen Nord-Süd-Schnittes identifiziert, was die mögliche bedeutende
Rolle von beiden Substanzen als Vorstufe eines klimarelevanten Spurengases her-
aushebt.
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• Die atmosphärische Verteilung von DMS wurde ebenso entlang der gleichen Nord-
Süd-Route im Westpazifik untersucht. Aus dem Westpazifik ausgegastes DMS
schien von Sturmereignissen beeinflusst worden zu sein, welche sich zeitgleich ent-
lang der Route ereigneten. Die gemessenen atmosphärischen DMS-Konzentrationen
unterschieden sich vom berechneten DMS-Fluss, woraus geschlossen werden konnte,
dass die atmophärische DMS-Konzentration von atmosphärischen Transportpro-
zessen dominiert wurde. Einflüsse dieser Transportprozesse auf die troposphä-
rische DMS-Verteilung wurden mit dem Lagrangeschen FLEXPART Modell un-
tersucht. Obwohl keine erhöhten Werte von DMS im Wasser gemessen wurden,
gab es sichere Vorzeichen, dass Starkwindereignisse für signifikante Flusserhöhun-
gen sorgten. In Gebieten starker Konvektion, entlang der Fahrtroute, war der vom
Modell berechnete Gehalt an DMS (und seiner Oxidationsprodukte), welcher in die
tropische Tropopausenschicht transportiert wurde, regional signifikant. Im Vergle-
ich mit Flugzeugmessungen waren die DMS-Konzentrationen in der oberen Tro-
posphäre in gutem Einklang. Da DMS bisher nicht als Quelle für Schwefel in der
oberen Troposphäre/unteren Stratosphäre gesehen wurde, gibt es kaum Messungen,
welche über 12 km hinausgehen. Der Eintrag von DMS durch die Tropopause in
die Stratosphäre konnte nicht bestimmt werden, aber es ist möglich, dass DMS eine
regional und saisonal wichtige Schwefelquelle für die permanente stratosphärische
Schwefelschicht ist.

• Da sowohl DMS als auch Isopren als mögliche Vorstufen für Kondensationskerne
für Wolken bekannt sind, wurde die Verteilung und Beziehung der beiden Gase
entlang eines Nord-Süd Transits im östlichen Atlantik von Bremerhaven nach Kap-
stadt (Südafrika) an Bord von FS Polarstern (ANTXXV-1) im November 2008 un-
tersucht. Positive und negative Korrelationen zwischen DMS und Isopren wurden
in verschiedenen Regionen identifiziert, welche zusammen zwei Drittel des Tran-
sits ausmachten. Zusätzlich zeigten DMS und Isopren ähnliche Verteilungen im
Zusammenhang mit Phytoplanktongruppen, wie Dinoflagellaten, Haptophyten und
Chrysophyten, wenn diese nach N:P-Verhältnis gruppiert werden. Das deutet auf
eine gemeinsame biologische Quelle von DMS und Isopren hin. DMS ist allerdings
eher dadurch bekannt, von Bakterien statt von Phytoplankton produziert zu werden.
Daher war es wahrscheinlicher, dass Isoprene und DMSP gleiche Quellen hatten
und DMS über DMSP produziert wurde. DMSP und Isopren korrelierten ebenfalls
miteinander, wenn sie nach N:P-Verhältnis gruppiert wurden. Die Verbindung zwis-
chen DMS und Isopren könnte daher eher durch die Aktivität von Bakterien erklärt
werden, die beide Verbindungen konsumieren oder produzieren könnten. Allerd-
ings ist dies nicht bewiesen und sollte in Zukunft untersucht werden. Das Verhältnis
von DMS zu Isopren veränderte sich mit den hydrographischen Regionen in Os-
tatlantik. Erhöhte DMS Konzentrationen wurden in Auftriebsgebieten gemessen,
während höhere Isoprenkonzentrationen in oligotrophen Regionen detektiert wur-
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den. Allerdings wiesen beide Verbindungen die höchsten Konzentrationen in einer
Frühjahrsblüte in der Nähe von Südafrika auf. Dies unterstützt die Vermutung, dass
DMS und Isopren hauptsächlich biologische Quellen haben. Zusätzlich konnte
gezeigt werden, dass Transportprozesse möglicherweise ebenfalls die Verteilung
von Isopren beeinflussen.

• Um marine Quellen und Senken von Acetaldehyd und Aceton zu identifizieren,
wurden Inkubationsexperimente durchgeführt. Dazu wurden Wasserproben von der
Ostsee am Institutspier von GEOMAR aus der Kieler Förde genommen. Die glei-
chen Experimente wurden im östlichen äquatorialen Atlantik während der MSM
18/3 Forschungsreise auf Maria S. Merian (von Mindelo, Kap Verden nach Libre-
ville, Gabun) zwischen dem 21.6.2011 und 19.7.2011 durchgeführt. Der Einfluss
von biologischen und chemischen Prozessen auf die Produktions- und Konsum-
raten beider Verbindungen wurde unter Lichteinfluss und in Dunkelexperimenten
untersucht. Acetaldehyd und Aceton wurden eher konsumiert als produziert. Dies
wurden in beiden Beprobungsgebieten festgestellt. Der Lichteinfluss spielte eine
geringe Rolle für die Produktion beider Verbindungen, obwohl der photochemis-
che Zerfall von CDOM als Hauptquelle beider Verbindungen gilt. Es konnte im
Durchschnitt eine leicht erhöhte Konsumrate von Aceton unter biologischen Ein-
fluss festgestellt werden, wenn chemische und biologische Experimente miteinan-
der verglichen wurden. Allerdings konnte kein deutlicher Unterschied zwischen
beiden Experimentarten allgemein festgestellt werden. Genauere Analysen sind
erforderlich, um feine Unterschiede zwischen den Experimenten zu bestimmen.
Vor allem biologische Prozesse scheinen einen Einfluss auf die Produktions- und
Konsumraten beider Verbindungen zu haben. Dies muss in jedem Experiment indi-
viduell untersucht werden, da die Variabilität zwischen den Experimenten groß war,
was auf eine komplexe Interaktion zwischen verschiedenen Quellen und Senken für
Acetaldehyd und Aceton hinweist.





Abstract

The exchange of trace gases between the surface ocean and the lower atmosphere has
received increasing attention during the last years especially in view of ongoing global
environmental changes such as eutrophication, warming of the ocean, ocean acidification
etc.. The ocean has been identified as a huge reservoir of various climate-relevant trace
gases. However, the distributions and the pathways of the trace gases such as isoprene,
acetone and acetaldehyde, in the surface seawater is poorly understood. Even consensus
regarding the intensively studied dimethylsulphide (DMS) pathways continues to elude
researchers to date. This thesis compiles different studies which contribute new insight
into the fates of a group of short-lived, climate-relevant traces gases including DMS, iso-
prene, acetaldehyde and acetone in the surface layers of the Pacific and Atlantic Oceans:

• The distribution of and the interactions between DMS, dimethylsulphoniopropi-
onate (DMSP) and dimethylsulphoxide (DMSO) in surface seawater were exam-
ined in conjunction with the phytoplankton composition and methane along a north-
south transit in the western Pacific Ocean on board the R/V Sonne (TransBrom)
from Tomakomai (Japan) to Townsville (Australia) from 9th to 24th 2009. A close
link between DMSP and DMSO was found based on correlations between the two
compounds and similar phytoplankton pigments, which were identified as presum-
ably sources of both DMSP and DMSO. The detected DMSPp:DMSOp seemed to
be typical for an oligotrophic tropical ocean and might indicate stress conditions
for phytoplankton due to intensive solar radiation and nutrient limitation which in
turn may have led to an accumulation of DMSO in the surface water of the western
Pacific Ocean. It seems that DMSP and DMSO were more closely related to each
other than to DMS. It was evident that different factors influence the DMS distri-
bution, as underlined by the failure to identify phytoplankton groups as sources for
DMS. Moreover, DMSP and DMSO were identified as possible substrates for me-
thane production along the entire north-south transit, emphasizing the potential role
of both compounds as precursors of a climate relevant trace gas.

• The atmospheric distribution of DMS was also examined along the same north-
south transit in the western Pacific Ocean. DMS emitted from the western Pacific
Ocean appeared to be influenced by storms events which were encountered along
the same north-south transit. The distribution of the computed DMS flux differed
from the distribution of measured atmospheric DMS concentrations, indicating that
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atmospheric transport processes governed the pattern of atmospheric DMS concen-
trations. The Langrangian FLEXPART model was used to examine the influence
of transport processes on the distribution of DMS in the troposphere. Although
the concentration of DMS in the surface ocean was not elevated above background
levels, there were certain instances of elevated flux relating to the high winds from
storm events. In regions of the cruise track influenced by convective processes,
the amount of DMS (and likely its oxidation products) transported to the tropi-
cal tropopause layer, as computed by the model, was regionally significant. The
modeled DMS concentrations with altitude were in general agreement with aircraft
measurements. However, because DMS has never been considered as a source of
sulphur to the upper troposphere/lower stratosphere, there are hardly measurements
above 12 km. The actual amount of DMS crossing the tropopause could not be
determined, but it is possible that one regionally and seasonally important source of
sulphur to the persistent stratospheric sulphur layer is marine derived DMS.

• Because DMS and isoprene have both been identified as potential cloud condensa-
tion nuclei precursors over the remote oceans, the distribution and the relationship
between the two gases were studied in surface seawater along a north-south tran-
sit in the eastern Atlantic Ocean on board of R/V Polarstern (ANTXXV-1) from
Bremerhaven (Germany) to Cape Town (South Africa) in November 2008. Posi-
tive and negative correlations between DMS and isoprene were found in different
regions which extended over two-thirds of the transit. Additionally, DMS and iso-
prene showed a similar distribution pattern together with phytoplankton groups like
dinoflagellates, haptophytes and chrysophytes when clustered by N:P, indicating a
biological source of both compounds. However, DMS is known to be produced by
bacteria rather than by phytoplankton. Thus, isoprene and DMSP were most likely
produced by phytoplankton, which was reflected in the correlation between the two
compounds dependent on the N:P ratio. The relationship between DMS and iso-
prene observed in oligotrophic to eutrophic regions might be based instead on mi-
crobial activities. It might be possible that bacteria exist which can produce both
DMS and isoprene concurrently. However, this is highly speculative and needs to be
further investigated. In addition, DMS:isoprene corresponded to the hydrographic
regimes in the eastern Atlantic Ocean. Enhanced DMS concentrations occurred in
upwelling regions, while isoprene showed elevated concentrations in oligotrophic
regions. However, both compounds showed the highest concentrations in a spring
bloom near South Africa, likely pointing to biological activities as the main source.
The possibility that transport could be an important control on the isoprene distri-
bution in the surface ocean was also determined.

• In order to identify marine sources and sinks of acetaldehyde and acetone, incuba-
tion experiments were conducted with water samples from the Baltic Sea taken at
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the GEOMAR institute pier (Kiel Fjord) and samples from the eastern equatorial
Atlantic Ocean taken during the research cruise MSM 18/3 on board of the R/V
Maria S. Merian from Mindelo (Cape Verde Islands) to Libreville (Gabon) from
21st of June to 19th of July 2011. The effect of biological and chemical processes
on the production and consumption of the two compounds was investigated under
light and dark conditions. Acetaldehyde and acetone were consumed rather than
produced in both oceanic regions. The effect of solar radiation was of minor impor-
tance for the production and degradation of acetone and acetaldehyde. Although,
the consumption of acetone in biology treatments was slightly higher compared to
the chemical treatments, no overarching differences could be determined between
biology and chemistry samples, in general. However, there were hints that the
biota was important for the production and consumption of both acetaldehyde and
acetone, which needs to be further examined in detail. The measured production
and degradation rates were variable among the individual experiments, pointing to
a complex interaction between different sources and sink processes under varying
environmental controls. That will be elucidated in future work with a detailed ex-
amination of the individual experiments.
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1 Introduction

1.1 Trace gases � linking the ocean and the

atmosphere

The atmosphere contains a wide variety of different low molecular weight chemical spe-
cies which have important impacts on the climate, biosphere and elemental cycles. The
so-called trace gases have low abundances in the atmosphere compared to nitrogen and
oxygen, but are essential for protection against harmful solar radiation, the oxidation ca-
pacity of the atmosphere and temperature stability on the earth (Graedel and Crutzen,
1994; Warneck, 1988). Certain trace gases, such as the greenhouse gases CO2, N2O, and
CH4, have a relatively long lifetime and are responsible for 10 to 20% of the greenhouse
effect (IPCC, 2007), the phenomenon by which these gases reduce the loss rate of in-
frared radiation from the earth surface and keep the lower atmosphere warm enough to
sustain life. The trace gases discussed in this dissertation are short lived, biogenic and
low molecular weight chemical compounds, for example the sulphur species dimethyl-
sulphide (DMS) and the hydrocarbons isoprene, acetone and acetaldehyde.

Although the gases have low concentrations, in the parts per trillion range (ppt), their im-
pact on atmospheric chemistry is noteworthy and their potential to counteract the heating
due to greenhouse gases is under debate. The oceans, because of their large extent and the
complex biological, chemical and physical processes occurring at the air-sea interface,
have important influence on the distribution of these gases (Liss et al., 2013).

DMS and related sulphur compounds, isoprene and the oxygenated volatile organic com-
pounds (OVOC), namely acetone and acetaldehyde, will be described in detail in the
following sections. These trace gases are potential precursors of aerosols, thereby con-
tributing to the increase of the earth albedo. It is known that the oceans are the biggest
source for atmospheric DMS. However, it is not fully clarified if the oceans are also a
significant source and/or sink for isoprene and OVOCs. Nonetheless, several studies refer
to the oceans (especially in remote marine regions) as potential contributors to the global
atmospheric isoprene and OVOC budgets which will be also discussed in detail in the
following sections.
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2 INTRODUCTION

1.2 The sulphur cycle

The chemical transformation of sulphur is complex due to its fast chemical and biolog-
ical cycling in the environment and due to its different oxidation levels. Three sulphur
species occur mainly in nature: sulphide (HS–), sulphur (S0) and sulphate (SO2–

4 ). Most
sulphur spieces can be found in sediments and rocks, mainly as pyrite (FeS2) and gypsum
(CaSO4). However, the ocean is the most important reservoir of sulphur for the biosphere
(Madigan et al., 2001). Figure 1.1 shows the global sulphur cycle and the amount of
transported sulphur. Figure 1.2 presents the redox-cycle of sulphur.

Fig. 1.1: Schematic of the global sulphur cycle. Numbers are given in 1011 g per year (Madigan
et al., 2001). Cartoon modified according to http://mff.dsisd.net/Environment/PICS/
WaterCycle.jpg.

Sulphate is the second most abundant anion in the oceans and its formation to sea salt sul-
phate aerosols in the marine boundary layer is an important transport mechanism between
the sulphur reservoirs. In addition to these inorganic sulphur compounds, biological ac-
tivities produce a broad spectrum of organic sulphur species. The most common organic
sulphur compound in nature is dimethylsulphide (DMS), which is produced mainly in the
ocean as degradation product of dimethylsulphoniumpropionate (DMSP). The production
of DMS in the ocean is large and its flux into the atmosphere ranges between 15 and 33
Tg S per year (Kettle and Andreae, 2000). Thus, DMS is the most important biogenic
sulphur compound in the ocean and atmosphere (Vogt and Liss, 2009).
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Fig. 1.2: Redox-cycle of sulphur modified according to Madigan et al. (2001). DMS,
dimethylsulphide; DMSO, dimethylsulphoxide

DMS received much scientific attention with the postulation of the CLAW hypothesis
(Charlson et al., 1987). It was suggested that DMS produced by phytoplankton and emit-
ted to the atmosphere can be converted into aerosols that can act as cloud condensation
nuclei (CCN). These CCN can scatter solar radiation and are responsible for cloud forma-
tion and subsequent precipitation, increasing the earth albedo and having a cooling effect
on the climate. The debate about whether or not DMS might have a climate regulating
effect is still ongoing. Quinn and Bates (2011) argued against the biota-climate feedback
hypothesis via DMS. They showed that the source of CCN comes from a complex combi-
nation of bubble bursting, wind speed and biological activities in surface seawater. These
processes release organic (other than DMS) and inorganic molecules as well as complex
organic macromolecules from surface seawater to the atmosphere and, thus, determine the
concentration of CCN in the remote marine boundary layer (MBL). Although, the DMS
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contribution to marine boundary layer cloud formation in the CLAW hypothesis scheme
might be rejected, the effect of DMS on marine atmospheric chemistry and climate is still
potentially significant.

1.3 Organic sulphur compounds in the surface

ocean

DMS (average global concentration: 1-5 nmol L−1) and its precursor DMSP (average
global concentration: 10-15 nmol L−1) as well as its oxidation product dimethylsulphox-
ide (DMSO, average global concentration: 5-10 nmol L−1) are involved in a complex
biogeochemical cycle in surface seawater in the world oceans (Figure 1.3). Specialized
algae taxa like dinoflagellates, coccolithophores and chrysophytes are important DMSP
producers and can be responsible for a substantial increase of DMSP concentration (in
the nmol L−1 range) in seawater during strong bloom events in the boreal and subarctic
regions.

The biosynthesis of DMSP in algae cells (referred to particulate DMSP, DMSPp) starts
with the uptake of SO2–

4 from seawater, which gets chemically transformed into the amino
acids methionine or cysteine, the precursors of DMSP, via a complex reaction mechanism.
The function of DMSP in algae cells is still debated. It was shown that DMSP can act e.
g. as an osmoregulator, cryoprotector or methyl donor (Simó, 2001). During enhanced
solar radiation DMSP is also involved in anti-oxidation mechanisms that scavenge harm-
ful reactive oxygen species (ROS) within the cells (Sunda et al., 2002).

DMSPp is subject to different degradation pathways in algae cells, like the enzymatic
cleavage into DMS and acrylate. Additionally, it can be directly released from the cells
into the water column, referred to as dissolved DMSP (DMSPd). The DMSPd in the water
column can be taken up rapidly by specialized bacteria, mainly Roseobater, or special-
ized algae species. Dependent on the sulphur demand of the bacterioplankton, DMSP is
either incorporated into their biomass through the demethylation/demethiolation pathway
(Figure 1.3) or enzymatically cleaved to DMS and acrylate via DMSP-lyases and released
into the water column (Kiene et al., 2000). The amount of released DMS is usually very
small; however, it can be considerably during spring bloom events of DMSP producing
phytoplankton. DMS in the water column can be taken up by bacteria (80%) (Archer et
al., 2001; Simó, 2004), removed due to photolysis in the upper 20 m (Brimblecombe and
Shooter, 1986; Toole et al., 2004) or biologically/chemically oxidized to DMSO.

During stormy weather conditions, air-sea gas exchange can be the most important sink
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Fig. 1.3: The biogenic sulphur cycle in surface seawater (Stefels et al., 2007). MeSH,
methanethiol; MPA, mercaptopropionate; MMPA, methylmercaptopropionate; MSA,
methanesulphonic acid; DOM, dissolved organic matter.
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for DMS in the upper few meters. However, the flux is only responsible for about 10% of
the DMS loss in surface seawater, in general, when all marine sinks for DMS are consid-
ered (Archer et al., 2001).

For the last two decades DMSO has received increased scientific attention because it can
serve both as a sink and a source for DMS in the oceans. Additionally, DMSO is ubiqui-
tously distributed in the ocean water column (detected also in 4000 m depth, Hatton et al.
(1999)), in fresh water, in the polar regions and in the atmosphere (Hatton et al., 2005).
The DMSO concentration in seawater is usually between the concentrations of DMS and
DMSP. However, elevated DMSO, up to approximately 140 nmol L−1, has been measured
(Hatton et al., 1998). DMSO can be produced in specialized algae species and is part of
the anti-oxidation cascade in phytoplankton cells during solar radiation stress. Further-
more, DMSO might serve as a nutrient for the bacterioplankton in the water column (Lee
et al., 1999).

The small fraction of DMSP which is converted to DMS (< 1%) is responsible for a large
flux of biogenic sulphur into the atmosphere. Additionally, DMSP serves as one of the
most important single substrates in seawater (Kiene et al., 2000). Due to the annually
high amount of DMS transported into the atmosphere, DMS is an important compound
for atmospheric chemistry and maybe for climate control. DMSO seems to be the biggest
organic sulphur pool in the oceans because of its occurrence throughout the entire wa-
ter body. These facts illustrate the importance of the marine organic sulphur species for
biogeochemical processes in the oceans and atmosphere and, thus, it is essential to under-
stand their global cycle.

1.4 Isoprene

Isoprene and its degradation products represent almost 50% of all biogenic atmospheric
non-methane hydrocarbons (NMHC) and is therefore the most abundant NMHC. Isoprene
is an important source for secondary organic aerosols (SOA) and has a strong effect on
the oxidative balance of the atmosphere due to its potential to form formaldehyde and
thus peroxy radicals (RO2) (Claeys et al., 2004; Ayers et al., 1997; Baker et al., 2000).
Additionally, isoprene can influence the production of ozone in the marine boundary layer
when nitrogen oxide chemical species (NOx = NO + NO2) are present (Williams et al.,
2010). The main source of isoprene is terrestrial vegetation, such as the tropical rain
forests. It is still not completely clarified why isoprene is produced in plants. It seems to
increase temperature tolerance and might protect against ROS in leaves (Sharkey et al.,
2008). The annual terrestrial emissions of isoprene range between 400 and 750 Tg C yr−1
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(Arnold et al., 2009).

The global oceans seem to be only a minor source of isoprene to the atmosphere, with
an annual mean emission of 0.1 – 1.9 Tg C yr−1 (Luo and Yu, 2010). However, the
quantification and the local importance of the ocean as an isoprene source are still de-
bated. Meskhidze and Nenes (2006) suggested isoprene as the most likely link between a
phytoplankton bloom and marine clouds in the Southern Ocean. They proposed that the
oxidation of emitted isoprene from algae form SOA in the atmosphere and, thus, influence
the chemical composition of CCN and the number of cloud droplets. In contrast, Arnold
et al. (2009) proposed that marine isoprene is of minor importance for the formation of
marine aerosol in remote regions. However, Gantt et al. (2009) showed, using model cal-
culations, that isoprene contributes significantly to the sub-micron organic carbon fraction
of marine aerosols in tropical regions. They conclude that isoprene has the potential to
modulate marine cloud properties and influence the climate.

Baker et al. (2000) and Broadgate et al. (1997) measured maximum isoprene concen-
trations at the depth of maximum chlorophyll concentrations and hypothesized that the
isoprene production might be a general feature of phytoplankton. Diatoms, dinoflag-
ellates, coccolithoprhids and cyanobacteria were identified as isoprene producers while
cyanobacteria seems to be the strongest emitter (Moore and Wang, 2006; Bonsang et al.,
2010; Shaw et al., 2003; Milne et al., 1995). Thus, biologically productive regions, such
as upwelling areas, coastal regions or the boreal open ocean during bloom events, might
be seasonally important isoprene sources to the atmosphere.

Culture experiments of different algae groups, e.g. Synechococcus, Prochlorococcus or
Emiliania huxleyi, showed highest isoprene production during the exponential growth
phase. High light intensity and temperature supported the isoprene production (Shaw et
al., 2003; Bonsang et al., 2010; Gantt et al., 2009). Thus, tropical and subtropical oceanic
regions dominated by Prochlorococcus can be important regions for isoprene production.
The role of isoprene in phytoplankton cells is still unclear. It might be a byproduct of
photosynthesis or may be directly related to the metabolism in the cells (Bonsang et al.,
2010; Shaw et al., 2003). It was shown that isoprene production was maximum in algae
cultures during high light intensities which triggered photoinhibition (Shaw et al., 2003).
Whether isoprene has a protective function for the photosynthesis mechanism in the man-
ner of terrestrial plants or another role in algae cells needs to be resolved.

Only few studies investigated the role of bacteria on the marine isoprene distribution.
Bacterial communities were observed which consumed isoprene and used it as a carbon
or energy source (Alvarez et al., 2009). Additionally, Kuzma et al. (1995) identified sev-
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eral bacteria species which produced isoprene. Thus, bacteria seem to be important for
controlling for marine isoprene. Even less is known about the abiotic sources of marine
isoprene. The production of isoprene via photochemical degradation of dissolved organic
matter (DOM) exposed to UV light could not be proven (Ratte et al., 1998).

Only a few studies report isoprene concentrations and temporal/spatial distribution pat-
terns in the ocean (Baker et al., 2000; Bonsang et al., 1992; Matsunaga et al., 2002; Shaw
et al., 2010). Thus, more studies are needed to understand the global cycle of isoprene in
the oceans and its influence on the atmosphere. In addition, environmental controls on the
concentrations and distribution patterns are mainly unknown and should be the subject for
future investigations.

1.5 Oxygenated volatile organic compounds

(OVOC)

OVOCs belong to the NMHC group and consist of aldehydes, ketones, alcohols and car-
boxylic acids, for example acetaldehyde, acetone, ethanol and formic acid, respectively.
OVOCs are ubiquitous and can account for a high amount of NMHC in certain regions
dependent on the season (Lewis et al., 2005; Singh et al., 1995).

1.5.1 Importance of OVOCs in the atmosphere

The atmospheric cycling of OVOCs is complex because they are involved in a broad range
of chemical reactions in the atmosphere (Figure 1.4). The distribution and amount of trace
gases in the atmosphere are controlled generally by their reaction with the hydroxyl radi-
cal, OH. The OH concentration depends mainly on the presence of water vapor and ozone
(O3), as well as on light levels and temperature (Spivakovsky et al., 1990). OVOCs have
been suggested as OH precursors, especially in the upper troposphere, where water vapor
is too low for the production of the high amount of OH observed (Lary and Shallcross,
2000; Singh et al., 1995; Wennberg et al., 1998). Additionally, OVOCs are suggested
as an important source for RO2 (Monks, 2005; Muller and Brasseur, 1999; Singh et al.,
1994), which are involved in the formation of harmful O3 in the troposphere. In polluted
regions, ozone can be produced via chemical reactions including hydrocarbons and NOx.
Furthermore, chemical reactions of OVOCs (especially acetone) are responsible for a con-
siderable concentration of peroxyacetylnitrate (PAN) in the free troposphere (Singh et al.,
1995). PAN is a harmful compound for the biota and an important reservoir for nitrogen
containing radicals. PAN is relatively stable and temperature sensitive compound which
can be transported over long distances especially in colder regions. In remote regions it
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can break down into NOx and ROx radicals and can therefore indirectly influence the at-
mospheric chemistry in clean air. OVOCs are also recognized as precursors of secondary
aerosols. Some of these aerosol species have the potential to form CCN. Thus, OVOCs
might be climate active compounds similar to isoprene and DMS (Blando and Turpin,
2000).

Fig. 1.4: A cartoon depicting the global cycle of OVOCs in the atmosphere and their sources and
sinks.

1.5.2 The atmospheric budget of OVOCs

Determination of global sources and sinks for OVOCs only started since the last decade
and is still under controversial discussion. Models, atmospheric measurements and satel-
lite data are used to calculate the atmospheric budget of these compounds (Heikes et al.,
2002; Jacob et al., 2002; Rinsland et al., 2007). The main sources of OVOCs are anthro-
pogenic and biogenic emissions, biomass burning, atmospheric oxidation of precursors
and plant decay (Heikes et al., 2002; Jacob et al., 2002; Jacob et al., 2005). Addition-
ally OVOCs can be produced due to the transformation of other OVOCs (Nádasdi et al.,
2010; Heikes et al., 2002). The main sinks are wet and dry deposition, reaction with OH,
and photochemical oxidation (Heikes et al., 2002; Jacob et al., 2002; Jacob et al., 2005).
However, the strength and the balance of the listed sources and sinks are still controver-
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sially discussed in current literature (Figure 1.5 and 1.6). Due to the imbalance between
the sources and sinks of the OVOCs, unknown sources and sinks must exist. The global
oceans are considered as a potential candidate due to their large extent and biogeochemi-
cal productivity. Especially in highly convective regions, it is possible that marine OVOCs
are transported in the upper troposphere and influence the chemical reactivity there. In-
deed, several studies have shown that the ocean is a source and/or sink for a broad range
of OVOCs, such as methanol, acetone and acetaldehyde, dependent on regional biological
productivity and light intensity (Marandino et al., 2005; Sinha et al., 2007; Millet et al.,
2010; Williams et al., 2004). However, the global ocean source or sink term is still not
quantified.

1.5.3 OVOCs in the oceans

Only a few studies present concentrations as well as sources and sinks and diurnal cycles
of OVOCs in different regions of the oceans, e.g. the Caribbean and Sargasso Sea, At-
lantic and Pacific Ocean (Beale et al., 2010; Dixon et al., 2011b; Marandino et al., 2005;
Zhou and Mopper, 1997). The most investigated and likely marine source of OVOCs
is production from photochemical and/or photosensitized oxidation of dissolved organic
matter (DOM) (Mopper and Stahovec, 1986; Ehrhardt and Weber, 1991; Obernosterer et
al., 1999). Other possible sources are air/sea gas exchange, biological production and the
oxidation of DOM due to radicals (Dixon et al., 2011a, b; Nemecek-Marshall et al., 1995;
Mopper and Stahovec, 1986). Oceanic sinks for OVOCs are even less investigated com-
pared to the sources. Possible sinks are biological uptake, air/sea gas exchange, oxidation
due to radicals and photochemistry. For example, Dixon et al. (2011, a, b) showed that
methanol is consumed by bacteria and is used as an energy and carbon source.

The work of this thesis is focused on acetaldehyde and acetone. Therefore, the current
knowledge about global sources and sinks of acetaldehyde and acetone will be described
in detail in the following sections.

1.5.4 Acetaldehyde

In marine air acetaldehyde together with methanol and acetone can contribute up to 85%
of the total mass of organic compounds, with the exception of methane. Additionally,
these three OVOC species can be an important sink for OH (80%) (Lewis et al., 2005).
Only a few studies describe the global distribution and sources/sinks of acetaldehyde (Fig.
1.5, Millet et al. (2010)). It appears that the most important source of acetaldehyde to the
atmosphere is atmospheric oxidation of hydrocarbons (alkanes, alkenes and ethanol).
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Fig. 1.5: Possible sources and sinks of atmospheric acetaldehyde. The global proportions are
suggested by different studies.

The oceans are most likely the second largest source of acetaldehyde (Millet et al., 2010).
An important source of acetaldehyde in surface seawater is its direct production due to
the photolysis of chromophoric dissolved organic matter (CDOM) (deBruyn et al., 2011;
Mopper and Stahovec, 1986). The rapid uptake by biota seems to be an important sink
(Mopper and Stahovec, 1986). The light dependent production and the fast consumption
should be responsible for a diurnal cycle of acetaldehyde in surface seawater, which has
been supported by field observations (Mopper and Stahovec, 1986). In contrast, acetalde-
hyde can also be emitted from the ocean to the atmosphere, depending on phytoplankton
abundance, as observed in mesocosm experiments (Sinha et al., 2007). Acetaldehyde en-
richment of the sea surface microlayer has also been detected and seems to be an oceanic
source for atmospheric acetaldehyde (Zhou and Mopper, 1997). However, the cycling
and turnover rates of acetaldehyde in the ocean mixed layer as well as controlling envi-
ronmental parameters are widely unknown.

1.5.5 Acetone

Different sources and sinks for atmospheric acetone have been widely reported in the liter-
ature (Fig. 1.6). However, their proportions and the role of the oceans in the atmospheric
budget are also still considerably debated.

An important source for acetone in the surface oceans is its formation via photolysis of
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Fig. 1.6: Suggested global sources and sinks for acetone. The proportions of the different sources
and sinks and especially the role of the oceans are still considerably discussed in current
literature.

CDOM in combination with oxygen and OH (deBruyn et al., 2011). The South Pacific
seems to be a large photochemical marine source (Jacob et al., 2002), as well as coastal
regions or upwelling areas with high CDOM concentrations. Additionally, acetone can
also be produced by marine Vibrio bacteria which might be associated with phytoplank-
ton (Nemecek-Marshall et al., 1995; Nemecek-Marshall et al., 1999). Marandino et al.
(2005) showed that the ocean is an important sink for atmospheric acetone (Figure 1.6). It
is most likely that dissolved acetone might be consumed due to microbes as suggested by
Jacob et al. (2002) who simulated the seasonal variation of atmospheric acetone during
spring blooms in European sites and Artic summers by including an oceanic sink. How-
ever, the degradation/consumption pathways of acetone in the ocean are less studied.

An important sink for acetone in the atmosphere is its degradation via two possible re-
action pathways which can occur in the upper troposphere with the initial formation of
different radical species (Arnold et al., 2004).

CH3COCH3 + hν + 2O2 → CH2O2 + CH3C(O)O2 (1.1)

CH3COCH3 + OH + O2 → CH3COCH2O2 + H2O (1.2)

These pathways are most likely the main source of HOx radicals (OH + HO2) in the upper
troposphere, and thus, an important source for O3 (Singh et al., 1995). The formation of
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HOx is dependent on altitude, water vapor and temperature and thus, variable in different
regions and seasons. The upper troposphere is relatively dry and therefore water vapor as
a precursor cannot explain the concentrations of HOx found there.

Although, acetone is important for the atmospheric chemistry and the ocean was identi-
fied as a major source of acetone in the atmosphere, the biogeochemical cycle of marine
acetone is widely unknown and needs to be investigated.





Thesis outline

The current literature shows the importance of short-lived trace gases such as DMS, iso-
prene, acetaldehyde and acetone for the chemical reactivity of the atmosphere as well as
their potential effects on climate regulation. However, many questions still exist about
their global pathways. These questions have to be answered to understand future impacts
of short-lived trace gases on atmospheric processes and the earth’s climate. Although, the
understanding of the biogeochemical pathways of DMS and related sulphur compounds
such as DMSP and DMSO strongly increased over last decades, it is still not possible to
quantitatively predict the global distribution of DMS in the ocean and atmosphere. Fur-
thermore, the global biogeochemical pathways of isoprene and OVOCs in the oceans are
poorly understood. Main questions remain about their sources and sinks, interactions,
turnover rates, distribution patterns and fluxes between the oceans and the atmosphere.
Therefore, the major motivation of this PhD thesis was to investigate (i) the distribution
patterns of DMS and isoprene in the surface ocean, (ii) the transport mechanisms and dis-
tribution pattern of DMS in the atmosphere and (iii) to identify marine sources and sinks
of acetaldehyde and acetone.

The results are presented in four chapters:
Chapter 2: The interactions between DMS and related sulphur compounds as well as the
influence of the phytoplankton community on the sulphur species were investigated in the
surface seawater along a north south transit in the western Pacific Ocean. This region is
sparsely sampled for organic sulphur compounds. Furthermore, the influence of sulphur
species on the methane concentration in the surface ocean was explored.
Chapter 3: The distribution and fate of marine DMS emitted into the atmosphere was ex-
amined in the highly convective region above the western tropical Pacific Ocean using the
Langrangian dispersion model FLEXPART. The amount of DMS which gets transported
into the upper troposphere/lower stratosphere and the implications of this transport are
assessed.
Chapter 4: The distribution pattern of DMS and isoprene in surface seawater as well as
their interactions were examined along a north south transit in the eastern Atlantic Ocean.
Chapter 5: Incubation experiments with natural seawater were conducted to investigate
consumption and production rates of acetaldehyde and acetone. These experiments pro-
vided information about possible sources and sinks of these compounds and the environ-
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mental factors controlling their surface ocean cycling in the western Baltic Sea and the
equatorial eastern Atlantic Ocean.
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2 Sulphur compounds, methane,

and phytoplankton: Interactions

along a north-south transit in

the western Paci�c Ocean

Abstract

Here we present results of the first comprehensive study of sulphur compounds and me-
thane in the oligotrophic tropical West Pacific Ocean. The concentrations of dimethyl-
sulphide (DMS), dimethylsulphoniopropionate (DMSP), dimethylsulphoxide (DMSO),
and methane (CH4), as well as various phytoplankton marker pigments in the surface
ocean were measured along a north-south transit from Japan to Australia in October
2009. DMS (0.9 nmol L−1), dissolved DMSP (DMSPd, 1.6 nmol L−1) and particulate
DMSP (DMSPp, 2 nmol L−1) concentrations were generally low, while dissolved DMSO
(DMSOd, 4.4 nmol L−1) and particulate DMSO (DMSOp, 11.5 nmol L−1) concentrations
were comparably enhanced. Positive correlations were found between DMSO and DMSP
as well as DMSP and DMSO with chlorophyll a, which suggests a similar source for
both compounds. Similar phytoplankton groups were identified as being important for
the DMSO and DMSP pool, thus, the same algae taxa might produce both DMSP and
DMSO. In contrast, phytoplankton seemed to play only a minor role for the DMS distri-
bution in the western Pacific Ocean. The observed DMSPp : DMSOp ratios were very
low and seem to be characteristic of oligotrophic tropical waters representing the extreme
endpoint of the global DMSPp : DMSOp ratio vs. SST relationship. It is most likely
that nutrient limitation and oxidative stress in the tropical West Pacific Ocean triggered
enhanced DMSO production leading to an accumulation of DMSO in the sea surface.
Positive correlations between DMSPd and CH4, as well as between DMSO (particulate
and total) and CH4, were found along the transit. We conclude that DMSP and DMSO
and/or their degradation products might serve as potential substrates for CH4 production
in the oxic surface layer western Pacific Ocean.

17



18 Sulphur compounds and CH4 in the western Pacific Ocean

2.1 Introduction

Oceanic dimethylsulphide (DMS) is the most important source of biogenic sulphur to the
atmosphere and, thus, the oceanic DMS flux constitutes a significant component of the
global sulphur cycle, see e.g. Vogt and Liss (2009). The oceanic distributions of DMS
and its major precursor dimethylsulphoniopropionate (DMSP) result from a complex in-
terplay of biological and non-biological pathways, such as formation by phytoplankton
and microbial cleavage of DMSP to DMS on the one hand, and microbial consumption
as well as photochemical oxidation of DMS and its loss to the atmosphere on the other
hand (Simó, 2004; Stefels et al., 2007; Vogt and Liss, 2009; Schäfer et al., 2010). Al-
though dimethylsulphoxide (DMSO) is recognized as an important reservoir of sulphur
in the ocean, its production and consumption pathways are poorly understood. The prin-
cipal production mechanisms for DMSO are the photochemical and bacterial oxidation
of DMS, as well as direct synthesis in marine algae cells (Lee and De Mora, 1999; Lee
et al., 1999a). Bacterial consumption, reduction to DMS, further oxidation to dimethyl-
sulphone (DMSO2), and export to deep waters via sinking particles are possible sinks for
DMSO in the euphotic zone (Hatton et al., 2005). It is well-known, that DMS, DMSP
and DMSO play important roles in the oceanic nutrient cycle. They are ubiquitous in
the ocean and are responsible for the transfer and cycling of sulphur and carbon between
different trophic levels in plankton (Kiene et al., 2000; Simó, 2004; Simó et al., 2002;
Yoch, 2002). DMSP, for example, can completely satisfy the sulphur demand for bacteri-
oplankton and can deliver 48% of the sulphur requirement for microzooplankton (Kiene
and Linn, 2000; Simó, 2004). Additionally, DMSP can supply between 8 and 15% of
carbon for bacteria and can serve as an energy source, which makes it the most impor-
tant single substrate for marine bacterioplankton (Kiene et al., 2000; Simó et al., 2002).
DMSO seems to be an important substrate for specialized bacteria which use DMSO as
carbon or electron source (Lee et al., 1999a; Simó et al., 2000).

Methane (CH4) is an atmospheric trace gas which contributes significantly to the green-
house effect and chemistry of the Earth’s atmosphere (IPCC, 2007). CH4 is mainly
produced by methanogenesis as part of the microbial decomposition of organic matter
(Cicerone and Oremland, 1988; Ferry, 2010). Despite the fact that methanogenesis re-
quires strictly anaerobic conditions (see e.g. Ferry (2010)), CH4 concentrations above the
equilibrium concentration with the atmosphere are usually found in the ventilated (i.e.
oxic) open ocean surface layer (see e.g. Reeburgh (2007)). This indicates that the open
ocean is indeed a source of CH4 to the atmosphere. Several explanations for this obvious
‘oceanic CH4 paradox’ have been suggested. For example, methanogens might live in
anoxic micro-niches such as found in sinking organic particles and inside of zooplank-
ton guts (de Angelis and Lee, 1994; Karl and Tilbrook, 1994). Only recently Karl et
al. (2008) suggested an aerobic CH4 production pathway by Trichodesmium which can
use methylphosphonate as an alternative phosphate source. The degradation products of
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DMSP (i.e. methanethiol, methylmercaptopropionate and DMS) have been suggested as
important methylated precursors for marine microbial CH4 production under anoxic con-
ditions (Finster et al., 1992; Tallant and Krzycki, 1997) as well as oxic conditions (Damm
et al., 2010; Damm et al., 2008). Several bacteria groups have been identified that have
the ability to metabolize DMSP and its degradation products by producing CH4 (Kiene
et al., 1986; Oremland et al., 1989; van der Maarel and Hansen, 1997). Accumulation
of CH4, dependent on DMSP consumption in the surface ocean, has been observed under
oligotrophic conditions as well as in a phytoplankton bloom (Damm et al., 2010).

This study presents measurements of the surface ocean distributions of DMS, DMSP,
DMSO, CH4 and phytoplankton pigments in the western Pacific Ocean, an area that is
considerably undersampled for all the listed compounds. By using statistical methods
we investigated (i) the interactions and links between the different sulphur compounds
and how these might control their distributions, (ii) the role of phytoplankton commu-
nity composition in determining the surface distributions of the sulphur compounds and
(iii) the role of sulphur compounds as potential precursors for CH4 in the surface ocean.
All data were retrieved during a north-south transit cruise in October 2009 (Krüger and
Quack, 2012) as part of the “TransBrom” project.

2.2 Methods

Water samples were collected aboard the R/V Sonne from 9th to 24th October 2009 during
a transit cruise from Tomakomai (Japan) to Townsville (Australia) in order to analyse the
sea surface concentrations of DMS, DMSP, DMSO, CH4 and phytoplankton composition
(Fig. 2.1). Samples were collected every three or twelve hours from approximately 5 m
depth using the underway pump system installed in the hydrographic shaft.

2.2.1 Analysis of sulphur compounds and CH
4

Three replicate sub-samples (10 ml) were analysed for DMS, dissolved DMSP (DMSPd)
and DMSO (DMSOd). The total and, thus, the particulate fraction of DMSP (DMSPt,
DMSPp) and DMSO (DMSOt, DMSOp) were analysed in additional three replicate sub-
samples (10 ml). All sub-samples of one sampling station were taken out of one 250 ml
sample bottle which was sampled from the pump system. Samples were measured im-
mediately after collection, with the exception of DMSO. DMSO samples were stored in
the dark and analysed later in the GEOMAR laboratory directly after the cruise. It has
been shown that storage of DMSO in hydrolysed samples with gas tight closure does not
alter the DMSO concentration (Simó et al., 1998). Samples for the analysis of DMS and
the dissolved fraction of DMSP and DMSO were gently filtered by using a syringe as
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Fig. 2.1: Distribution of a) DMSO [nmol L−1], b) total chl-a [mgm−3] (HPLC in-situ
measurements), DMS, and methane [nmol L−1], and c) DMSP [nmol L−1] along the cruise
track. The middle line in each panel shows the exact position of the cruise track. The dashed
lines show the approximate location of cluster 2 and 4. The order of the colorbars corresponds to
the order of the individual coloured cruise tracks in the figure panels.

described in Zindler et al. (2012). DMS, DMSPd and DMSPt samples were analysed
by purge and trap coupled to a gas chromatograph-flame photometric detector (GC-FPD)
directly on-board after sampling, as described in Zindler et al. (2012). Two minor modi-
fications were made: i) replacement of the previously used Tenax with trapping in liquid
nitrogen, ii) injection onto the GC by immersion in hot water. DMS were analysed first in
the samples. Afterwards DMSPd were measured out of the same samples by converting
DMSP into DMS by using sodium hydroxide (NaOH). DMSPt was analysed from un-
filtered alkaline sub-samples. DMSPp were calculated by subtracting DMS and DMSPd

from the DMSPt value. After the DMSP analysis, the alkaline samples were stored for
DMSO measurements back in the lab at GEOMAR. DMSOd and DMSOt were analysed
from the same samples used for analysing DMSPd and DMSPt, respectively. DMSO
was converted into DMS by adding cobalt dosed sodium borohydride (NaBH4) and anal-
ysed immediately with the same technique as mentioned above. The final DMSOp values
were calculated by subtracting DMSOd from the total DMSO concentration. The mean
errors given as standard deviations of the triplicate measurements, calculated according to
David (1951) were ± 0.2 nmol L−1 (±20%) for DMS, ±0.4 nmol L−1 (±23%) for DMSPd,
and ±0.5 nmol L−1 (±20%) for particulate DMSPp. For DMSOp and DMSOd a mean
analytical error of ±2.3 nmol L−1 (±15%) and ± 0.5 nmol L−1 (±12%) was determined,
respectively. Calibrations by using liquid standards were conducted every second day
during the cruise and during the analysis in the lab. The precision and accuracy of the
system was tested in the lab prior the cruise as described in Zindler et al. (2012). The
entire analytical system was tested for blanks with carrier gas only and together with pure
18 MΩ MilliQ water (used for cleaning and standard preparation) as well as MilliQ water
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enriched with sodium hydroxide in order to exclude contamination with environmental
DMSO.

Concentrations of dissolved CH4 were measured with a static equilibration method as
described in detail in Bange et al. (2010). Distinct triplicate water samples for the de-
termination of CH4 were taken from the same underway seawater supply in parallel to
the sampling of the sulphur compounds and phytoplankton pigments every twelve hours.
The samples were poisoned with HgCl2 (aq.) and analysed immediately after the cruise
in the GEOMAR laboratory. The mean analytical error of dissolved CH4 was ±17%.
CH4 saturations (Sat in %) were roughly estimated as Sat = 100 [CH4]/[CH4]eq, where
[CH4]eq is the equilibrium concentration (see Wiesenburg and Guinasso Jr., 1979) cal-
culated with the in-situ temperature and salinity and a mean atmospheric CH4 dry mole
fraction of 1.80 ppm, which was considered to be a representative mean for the western
Pacific Ocean during the time of the transit (Terao et al., 2011).

2.2.2 Phytoplankton analysis

2.2.2.1 Phytoplankton pigments and group composition

Water samples for pigment and absorption analysis were filtered on GF/F filters, shock-
frozen in liquid nitrogen, stored at -80°C and analysed in the AWI laboratory right after
the cruise. The analysis of phytoplankton pigments was performed with High Perfor-
mance Liquid Chromatography (HPLC) according to Taylor et al. (2011). Particulate and
phytoplankton absorption was determined with a dual-beam UV/VIS spectrophotometer
(Cary 4000, Varian Inc.) equipped with a 150 mm integrating sphere (external DRA-900,
Varian, Inc. and Labsphere Inc., made from Spectralon™ using a quantitative filter pad
technique as described in a modified version in Taylor et al. (2011) (for more details
see also Rottgers and Gehnke (2012)). Table 2 in Taylor et al. (2011) summarizes the
pigments analysed in this study and provides the information about which pigments have
been allocated as marker pigments for the different phytoplankton groups. According to
a procedure proposed by Vidussi et al. (2001) which was modified by Uitz et al. (2006)
and most recently by Hirata et al. (2011), we estimated the contributions of three phy-
toplankton size classes (i.e. micro-, nano- and picophytoplankton representing the size
classes of 20-200 µm, 2-20 µm and <2 µm, respectively) and seven phytoplankton groups
based on the measured concentrations of seven diagnostic pigments (DP) to the biomass.
The DP, the calculation procedure of the weighted relationships of these marker pigments
and the determination of their biomasses are described in the supplemental material.
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2.2.2.2 Identifying phytoplankton assemblages with hierarchical cluster

analysis

In order to identify clusters of phytoplankton community composition, an unsupervised
hierarchical cluster analysis (HCA) according to Torrecilla et al. (2011) was applied. The
HCA groups the pigment measurements from the individual stations into different clusters
according to their phytoplankton pigment compositions. The results were evaluated with
an additional clustering of hyperspectral phytoplankton absorption coefficients (described
in detail in the supplemental material).

2.2.3 Statistical Analysis

Linear regression analysis performed with the statistical computing software by RStudio™

(R Development Core Team, 2010; http://www.rstudio.org/) was used to identify signif-
icant correlations between sulphur compounds as well as between sulphur compounds
and CH4. Prior to the regression analysis, data were tested for Gaussian distribution and
log-transformed if necessary. The F-statistic, the p-value and the R2 were calculated.

Multiple linear regression models (MLRM) computed with RStudio™ were used to iden-
tify how the sulphur compounds might influence each other and which phytoplankton
pigments might influence the sulphur compounds (for more details about the analytical
procedure see the supplemental material). The MLRM were performed for the entire
north-south-transit and again for the two main sub-regions referred as cluster 2 and clus-
ter 4, which were demarcated according to the phytoplankton composition (Fig. 2.1,
section 2.3.1). No statistical analysis could be performed for cluster 1 and cluster 3 due
to the lack of a sufficient amount of data in these clusters.

2.3 Results and Discussion

2.3.1 Phytoplankton community structure in the western

Paci�c Ocean

In total, 106 surface stations along the north-south transit were measured. Phytoplankton
biomass given as total chlorophyll a (TChl-a concentration in mg m−3) was very low
(0.05-0.25 mg m−3), except for north of 36°N (TChl-a > 1 mg m−3) where colder waters
(16°-20°C) of the Oyashio Current were observed, in the vicinity of islands (which were
passed at 4°S, 8°S, 10°S and 12°S) and in the region of the Great Barrier Reef (Fig.
2.1b). Measured concentrations of marker pigments (e.g. fucoxanthin, see supplemental
material for full description) and chlorophyll a (Chl-a) along the transit were used to
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calculate the biomass of the major phytoplankton groups (Fig. 2.2). The phytoplankton
biomass was generally dominated by picoplankton (sum of biomass of prochlorophytes
and other cyanobacteria), with at least 50% contribution by the group of prochlorophytes,
except in the Oyashio Current. At the stations with elevated TChl-a values, haptophytes
contributed significantly to the phytoplankton biomass. Diatoms and chlorophytes only
made a significant contribution (between 20 and 30%) to the biomass in the Oyashio
Current.

Four phytoplankton clusters were identified in both the normalized pigment concentra-
tions and the hyperspectral phytoplankton absorption coefficients data (Fig. 2.3). The
resulting cluster trees are presented in Fig. 2.10 and 2.11 of the supplemental material.
The high cophenetic index of 0.712 (see supplemental material) between the two clus-
ter trees indicates a very good agreement between the two data sets used to identify the
phytoplankton clusters.

The stations located in the Oyashio Current (north of 36°N) belong to cluster 1 which
is characterized by high phytoplankton biomass (TChl-a ∼1 mg m−3) and a dominance
of eukaryotic algae (mainly chlorophytes and haptophytes, and a smaller contribution
from diatoms) and an absence of prochlorophytes. The majority of the stations belong
to cluster 2 with low TChl-a (0.05-0.3 mg m−3). Cyanobacteria are dominating cluster
2, with prochlorophytes contributing more than other cyanobacteria. Cluster 2 stations
are mainly found between 36° and 25°N (associated with the Kuroshio Current waters) as
well as south of the equator (Fig. 2.3). Cluster 3 stations were found between 36°N and
25°N (the Kuroshio Current) and south of 10°S. They are mingled with cluster 2 stations.
At cluster 3 stations waters are elevated in TChl-a (0.4-0.6 mg m−3) and cyanobacte-
ria, mainly prochlorophytes, are dominating. Haptophytes were identified as the second
largest group. Cluster 4 stations are mainly found in waters between 25°N and the equa-
tor and are characterized by a very low biomass (TChl-a <0.15 mg m−3). Cyanobacteria
are dominating cluster 4 almost exclusively with prochlorophytes and other cyanobacteria
contributing equally. The spatial distributions of the cluster 1 reflect the biogeographic
province Kuroshio Current (KURO) as defined by Longhurst (1998) while cluster 2 to 4
are distributed throughout the three main provinces North Pacific Tropical Gyre (West)
(NPTW), West Pacific Warm Pool (WARM) and Archipelagic Deep Basins (ARCH) (Fig.
2.3).

2.3.2 DMS, DMSP and DMSO concentrations in the western

Paci�c Ocean

Over the entire transit the average surface seawater (i.e. 5 m) concentrations for DMS
as well as for dissolved DMSP (DMSPd) and DMSO (DMSOd) were 0.9, 1.6 and 4.4
nmol L−1, respectively. The average values for particulate DMSP (DMSPp) and DMSO
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Fig. 2.2: TChl-a concentration of main phytoplankton groups [mgm−3] as derived from major
pigment composition (upper panel); ratio of phytoplankton group divided by the TChl-a
concentration in correspondence to the latitude sampled (lower panel).
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Fig. 2.3: Distribution of clusters among pigment stations with the Longhurst provinces shown
underneath. Yellow indicates cluster 1 (circles), green is cluster 2 (triangles), blue is cluster 3
(squares), and red is cluster 4 (diamonds).
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(DMSOp) were 2 and 11.5 nmol L−1, respectively (Table 2.1). Highest concentrations
for all sulphur compounds were measured when approaching the coasts of Japan and
Australia (Fig. 2.1). The concentrations measured during this cruise were lower than
the average surface measurements of DMS (1.8 nmol L−1), DMSPd (5.9 nmol L−1), and
DMSPp (16.2 nmol L−1) based on data collected between 1987 and 2004 in the upper 6
m of the western Pacific Ocean (data retrieved from the Global Surface Seawater DMS
Database: http://saga.pmel.noaa.gov/dms). The climatology of DMS concentrations pub-
lished by Lana et al. (2011) shows a lack of October data from the tropical West Pacific
(i.e. Longhurst provinces NPTW and WARM, see Fig. 2.3). For the Longhurst provinces
KURO, ARCH and AUSE (see Fig. 2.3) the mean October concentrations of DMS of
the climatological predictions are given as ∼1 nmol L−1, ∼5 nmol L−1 and ∼4 nmol L−1,
respectively (Lana et al., 2011). The differences between the climatological data and the
data from our cruise might be caused by interannual variability and a general mismatch
between climatological means and in-situ data. The increased DMS concentrations found
off the Australian Coast are in agreement with previous finding that the Great Barrier
Reef is a site of enhanced production of DMS (Fischer and Jones, 2012). The DMSO
concentrations presented here are in agreement with the few published measurements of
DMSO from the open Pacific Ocean, which range from 4 to 20 nmol L−1, and DMSO
measurements from the coastal areas of the Pacific Ocean which can reach values up to
181 nmol L−1 (see overview in Hatton et al. (2005)).

2.3.3 Linear regressions between sulphur compounds

In this section and those that follow, correlations (linear regressions and multiple lin-
ear regressions) between sulphur compounds, phytoplankton pigments and methane are
described. We are aware that correlations do not necessarily indicate causal relation-
ships. However, they do illustrate interactions between the tested parameters, which hint
at where further investigation may be fruitful. Therefore, we describe the significant cor-
relations found and propose explanations for the possible relationships. These explana-
tions are based on the current knowledge of the marine sulphur cycle and proof for these
hypotheses requires further investigation.

We found a positive correlation between DMSPt and DMSOt (R2 = 0.47, n = 104, p
= <0.001, Fig. 2.4) as well as DMSPp and DMSOp (R2 = 0.41, n = 85, p = <0.001,
Fig. 2.4). This is in agreement with the finding of Simó and Vila-Costa (2006) who also
reported a correlation between DMSPp and DMSOp and concluded that both compounds
have the same source, namely phytoplankton. A strong link between the DMSP and
DMSO pool were also found in several studies elsewhere (Lee and De Mora (1999) and
references therein). They referred to a possible direct biosynthesis of DMSO in algae
cells and doubt the DMS oxidation as the sole source of DMSO in the ocean.
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Tab. 2.1: DMS, DMSP and DMSO [nmol L−1] and total chl-a [mgm−3] concentrations as well
as DMS, DMSP and DMSO versus total chl-a [nmolmg−1] for the entire transit and for cluster 2
and 4. The errors given in ± present standard deviation calculated according to David (1951).
TChl-a errors were 2%.

DMS DMSPd DMSPp DMSPt

average average average average
range range range range

transit 0.88 ±0.2 1.57 ±0.4 2.04 ±0.5 4.01 ±0.7
0.26 - 2.85 0.22 - 6.54 0.03 - 7.53 1.22 - 15.07

cluster 2 0.78 ±0.1 1.38 ±0.4 2.32 ±0.5 4.12 ±0.6
0.26 - 1.25 0.54 - 2.57 0.03 - 7.53 1.22 - 8.73

cluster 4 0.99 ±0.3 1.10 ±0.3 1.08 ±0.4 2.81 ±0.5
0.5 - 2.85 0.22 - 1.83 0.05 - 2.67 1.48 - 5.04

DMSOd DMSOp DMSOt TChl-a
average average average average
range range range range

transit 4.42 ±0.5 11.46 ±2.3 15.50 ±2.3 0.21
1.81 - 8.06 1.12 - 72.05 3.07 - 76.49 0.05 - 1.11

cluster 2 4.54 ±0.5 10.74 ±1.2 14.74 ±1.9 0.18
1.81 - 7.82 2.01 - 22.5 3.07 - 25 0.08 - 0.38

cluster 4 4.26 ±0.5 8.11 ±1.0 12.11 ±1.5 0.08
2.5 - 6.13 1.12 - 16.88 4.18 - 20.71 0.05 - 1.11

DMS:TChl-a DMSPd:TChl-a DMSPp:TChl-a DMSPt:TChl-a
transit 7.54 10.72 12.39 27.65

1.01 - 39.48 2.12 - 44.83 0.12 - 52.44 2.88 - 60.85
cluster 2 5.08 8.57 13.62 24.97

1.47 - 16.08 2.45 - 19.31 0.12 - 52.44 6.68 - 60.85
cluster 4 14.00 15.20 13.65 38.14

5.96 - 39.48 3.27 - 24.26 0.61 - 24.78 20.22 - 58.24

DMSOd:TChl-a DMSOp:TChl-a DMSOt:TChl-a
transit 35.84 74.92 108.53

3.59 - 104.79 8.92 - 215.98 13.99 - 237.26
cluster 2 29.42 62.99 89.46

8.1 - 69.59 14.7 - 128.34 13.99 - 154.67
cluster 4 60.18 112.70 169.70

24.35 - 104.79 8.92 - 215.98 33.27 - 237.26
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Fig. 2.4: Left panel: Linear regression between DMSPd and DMSOt: y=6.66x+5.06, R2 = 0.33,
p-value: 1.414e-10, F-statistic: 50.86, n=105, and between DMSPd and DMSOp: R2 = 0.35,
y=6.41x+1.42, p-value: 6.493e-11, F-statistic: 53.53, n=102, both regressions for the entire data
set. Right panel: Linear regression between DMSPt and DMSOt: y=2.84x+4.28, R2 = 0.47,
p-value: 9.613 e-16, F-statistic: 90.87, n=104 and between DMSPp and DMSOp, y=2.84x+5.68,
R2 = 0.41, p-value: 5.849e-11, F-statistic: 56.54, n=85, both regressions for the entire data set.

No correlation was found between DMS and DMSO which is in contrast to the finding
by Hatton et al. (1999, 2005) who attributed the correlation to photochemical and/or
bacterial oxidation of DMS to DMSO in the water column (Hatton, 2002). However, the
oxidation of DMS as a source for DMSO in the western Pacific Ocean cannot be excluded
in general: A significant positive correlation was found between DMSPd and DMSOp (R2

= 0.35, n = 102, p = <0.001, Fig. 2.4) as well as between DMSPd and DMSOt (R2 = 0.33,
n = 105, p = <0.001, Fig. 2.4) which may suggest that DMS, as an intermediate of the
transformation of DMSPd to DMSO, is rapidly oxidised.

2.3.4 Relationship between sea surface temperature and

DMSPp : DMSOp ratio

A negative correlation between sea surface temperature (SST) and DMSPp : DMSOp ra-
tio was found by Simó and Vila-Costa (2006) based on a compilation of data from various
oceanic regions (mainly from the North Atlantic Ocean and its adjacent marginal seas).
On the basis of the data listed in Simó and Vila-Costa (2006), we recalculated mean
DMSPp : DMSOp ratios as well as mean SST for the various campaigns. In addition, we
added other data: from the East China Sea (ratio: 0.27, 17.2°C) (Yang and Yang 2011),
the northern Baffin Bay (ratio: 0.20, estimated 0°C) (Bouillon et al., 2002) and the aver-
age DMSPp : DMSOp ratio (0.22 ±0.27) and the average SST (28.3 ± 2.7 °C) computed
from the measurements during the transit presented here (see Fig. 2.5). In agreement with
Simó and Vila-Costa (2006) we found a significant negative linear correlation between
DMSPp : DMSOp ratios and SST for the temperature range 5° to 28°C (R2 = 0. 61).
Moreover, a positive correlation (R2 = 0.67) was also visible in the SST range <10°C in-
dicating that there seems to be a maximum of DMSPp : DMSOp ratios at approximately
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5°-10°C. This is in line with the observations that blooms of coccolithophorids (major
DMSP producers (Simó, 2001)) usually occur in high (subpolar) latitudes at SST around
9°C (3°-15°C) (Iglesias-Rodriguez et al., 2002). Our findings are in line with the argu-
mentation of Simó and Vila-Costa (2006) who proposed that (i) in warm waters DMSO
enriched nano- and picoplankton is dominating the phytoplankton community (indeed we
found that nano- and picoplankton was dominant during the transit, see section 3.1), and
(ii) high SST could be associated with surface waters receiving a high solar radiation
dose which triggers a cascade reaction system, including enhanced DMSO production, as
a reply to nutrient limitation and oxidative stress (Sunda et al., 2002).

Fig. 2.5: Average DMSPp:DMSOp ratios vs. SST. Mean ratios for individual campaigns are
recalculated from the data listed in Simó and Vila-Costa (2006). We added data points consisting
of the mean DMSPp:DMSOp and SST (given in parenthesis) from the East China Sea (0.27,
17.2°C) (Yang and Yang 2011), the northern Baffin Bay (0.20, estimated 0°C) (Bouillon et al.,
2002) and the western Pacific Ocean (0.22, 28°C) (this study). The linear correlations are y =
-0.445x + 12.96 (R2 = 0.61, open circles) and y = 1.312x + 1.44 (R2 = 0.67, solid circles).

2.3.5 Interactions between sulphur compounds explained by

multiple linear regression models (MLRM)

In order to find further statistically significant interactions between the different sulphur
compounds, MLRM were used. The MLRM calculations were performed either with the
entire data set or with a subset of cluster 2 and cluster 4 data, respectively. Both cluster
2 and 4 were characterized by low biomass and were mainly dominated by cyanobacteria
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like prochlorophytes which are not known to be DMSP producers (Keller et al., 1989).
This resulted in low DMS and DMSP concentrations (see section 2.3.2, Fig. 2.1). In
the following sections we discuss the main results of the MLRM (see Table 2.2). The
complete MLRM results are listed in the supplemental material (Figure 2.8).

2.3.5.1 DMS

Over the entire transit, the DMS concentration is influenced by the DMSPp and DMSOp

distribution (R2 = 0.32, Table 2.2, a). It is possible that the DMS concentration was
coupled to particulate DMSP and DMSO through the antioxidation system in algae cells
(Sunda et al., 2002). It is most likely that in the tropical waters of the western Pacific
Ocean the radiative stress on phytoplankton was enhanced. Furthermore, Spiese et al.
(2009) suggested that the ability of marine phytoplankton to reduce DMSO to DMS is
ubiquitous. This mechanism might be an additional explanation for the link between
DMS and DMSO in the western Pacific Ocean. Within the clusters 2 and 4 all sulphur
compounds have an influence on the DMS pool (Figure 2.8, supplemental material).

2.3.5.2 DMSP

A link between DMSPd and the DMSO pool for the entire transit could be found (R2

= 0.32, Table 2.2, d). A same source for both compounds in certain algae species might
explain the link between these compounds. The MLRM showed, especially in the clusters
2 and 4, that all sulphur compounds correlated with the DMSPd/p pool (Figure 2.8, sup-
plemental material). This is in line with several studies which referred to the fast cycling,
within a few hours, between the different sulphur compounds (Simó, 2004; Stefels et al.,
2007).

2.3.5.3 DMSO

The MLRM showed that DMSPd and DMS influenced the DMSOd pool for the entire
transit (R2 = 0.19, Table 2.2, i). It is most likely that DMSOd is directly produced due to
the oxidation of DMS in the water column (Hatton et al., 2005). DMSPd might be used
by free living bacteria in the water column as a substrate to produce DMSO. Additionally,
DMSPd could be converted to DMS by bacteria which can contribute to the DMS pool.
However, these processes might be of minor importance because it only explains 19% of
the DMSOd distribution. Thus, other factors are probably more important for the DMSOd

concentration, such as direct synthesis in algae cells and release into the water column
(Simó et al., 1998), and photo-oxidation of DMS to DMSO (Hatton et al., 1996).
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Tab. 2.2: Significant multiple linear regressions between DMS, DMSP and DMSO (d=dissolved,
p=particulate, t=total) for the entire data set and within the cluster 2 and 4. Single coefficients
and p-values of each multiple linear regression model as well as R2, F-statistic and p-value of
each entire model are given. The response variable is given under the model number. The
independent variable squared shows a quadratic relationship to the response variable. The
complete output of all models is given in the supplemental material (the data presented here is
extracted from Figure 2.8 in the supplement). Abbr.: st.: statistic; e. m.: entire model; e. d. s.:
entire data set; a – m: number of models

model single p-value R2, F-st.,
no. coefficients p-value

(e. m.)
a DMSPp 2.36E-09 0.32

DMS DMSOp 1.49E-07 24.57
e. d. s. 1.83E-09

d DMSO2
p 1.14E-07 0.32

DMSPd DMSO2
d 0.02 16.22

e. d. s. DMSPp:DMSOp 3.27E-04 1.084e-08

i DMSPd 0.04 0.19
DMSOd DMS2 5.13E-05 8.05

e.d.s. DMSP2
d 0.03 7.26E-05

j DMSPp 0.03 0.28
DMSOd DMSPd 0.01 4.82
cluster 2 DMSP2

p 0.05 0.002
DMSPp:DMSPd 0.005

k DMSPp 0.001 0.35
DMSOd DMSOp 0.004 4.59
cluster 4 DMSPp:DMSOp 0.002 0.01

l DMSPd 5.61E-07 0.43
DMSOp DMSPp 6.72E-08 36.53
e. d. s. 1.49E-12

n DMS 0.06 0.46
DMSOp DMSPd 0.05 7.23
cluster 4 DMSPp 1.26E-04 0.001
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In cluster 2, DMSOd seemed to be dependent only on the DMSP pool (R2 = 0.28, Table
2.2, j), while in cluster 4, DMSPp and DMSOp were significant contributors (R2 = 0.35,
Table 2.2, k). Furthermore, DMSOp was directly dependent on DMSPd/p (R2 = 0.43,
Table 2.2, l) over the entire transit and in the region of cluster 4 (R2 = 0.46, Table 2.2, n)
comparable to DMSOd.

These findings are in line with the direct correlations (see section 2.3.3) and confirm the
assumption of direct biosynthesis of DMSO in the phytoplankton and the possible same
source of DMSOp and DMSPp in certain algae taxa. Due to the ability of DMSO to per-
meate easily through membranes, a coupling of DMSOd and DMSOp seems reasonable.
The production of DMSOp from DMSPd may be explained by bacteria that are attached
to particles and use DMSPd as a substrate. The statistical analysis underlines the impor-
tance of DMSO for the sulphur cycle and the tight coupling especially between DMSO
and DMSP.

2.3.6 In�uence of phytoplankton on the DMS, DMSP and

DMSO distributions in surface seawater

Linear positive correlations between TChl-a and DMSOp, DMSOt, DMSPd as well as
DMSPp were found for the entire dataset (R2 = 0.25, n=94; R2 = 0.22, n=96; R2 = 0.29,
n=99; and R2 = 0.23, n=87, for all p=<0.001, respectively). These correlations were
somewhat weak, which may result from a dependency on certain algae taxon and not on
phytoplankton in general for both DMSP and DMSO. In contrast, Lee et al. (1999b) found
a negative correlation between DMSOp and Chl-a in a Canadian Fjord. They explained
this observation with an increase in photosynthetic activity and, therefore, an increase in
free radicals which reacted with DMSO. However, the correlations found in the Fjord
were dependent on temporal variability and on the nano- to picoplankton fraction, in con-
trast to the general correlations presented in this section. Thus, more detailed correlations
between phytoplankton and DMSO in western Pacific Ocean might shed more light on
the possible relationships (see section 2.3.6.3).

2.3.6.1 DMS and phytoplankton groups

The influence of a variety of phytoplankton groups on the different sulphur compounds for
the entire transit and within the clusters 2 and 4 were also tested by using the MLRM. The
following phytoplankton groups were tested (characteristic marker pigments are given in
parenthesis): diatoms (fucoxanthin (main indicator for diatoms), diatoxanthin, diadinox-
anthin (both unspecific, mainly diatoms)), dinoflagellates (peridinin), cryptophytes (al-
loxanthin), haptophytes (19’- hexanoyloxyfucoxanthin), chrysophytes (19’- butanoyloxy-
fucoxanthin), prasinophytes (prasinoxanthin), chlorophytes (violaxanthin), cromophytes
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Tab. 2.3: Significant multiple linear regressions between DMS, DMSP and DMSO (d=dissolved,
p=particulate, t=total) and phytoplankton marker pigments for the entire data set and within the
cluster 2 and 4. Single coefficients and p values of each multiple linear regression model as well
as R2, F-statistic and p-value of each entire model are given. The response variable is given
under the model number. The independent variable squared shows a quadratic relationship to the
response variable. The complete output of all models is given in the supplemental material (the
data presented here is extracted from Table II in the supplement). Abbr.: st.: statistic; e. m.:
entire model; e. d. s.: entire data set; fuco: fucoxanthin; hex: 19’-hexanoyloxyfucoxanthin, peri:
peridinin, diato: diatoxanthin,dia: diadinoxanthin, diato: diatoxanthin, but:
19’-butanoyloxyfucoxanthin;zea: zeaxanthin

model single p-value R2, F-st., model single p-value R2, F-st.,
no. coefficients p-value no. coefficients p-value

(e. m.) (e. m.)
a fuco 0.004 0.32 i diato 0.03 0.42
DMS hex 0.01 3.66 DMSOd hex2 1.11E-04 7.55
cluster 2 peri2 0.003 0.005 e. d. s. but2 9.68E-05 1.65E-07

b but 1.01E-05 0.44 j peri 1.24E-05 0.45
DMSPd peri 2.96E-04 11.34 DMSOd dia 4.38E-02 10.1
e. d. s. zea 2.01E-06 2.36E-09 cluster 2 but 8.61E-03 4.81E-06

c fuco 0.01 0.61 k fuco 6.83E-06 0.54
DMSPd diato 0.01 5.93 DMSOp diato 1.09E-03 9.18
cluster 2 but2 1.91E-03 1.15E-05 e. d. s. zea 1.76E-06 8.46E-10

peri2 1.50E-05
d peri 9.88E-03 0.37
DMSPp but 9.23E-05 9.3 l peri 7.63E-03 0.84
e. d. s. fuco 0.05 5.01E-08 DMSOp diato 3.56E-03 12.98

cluster 2 but 0.04 1.93E-09
e fuco 2.32E-04 0.73
DMSPp diato 2.46E-03 11.94
cluster 2 zea 5.32E-04 4.02E-08

hex 3.51E-02
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(anthreaxanthin) and cyanobacteria (zeaxanthin). Chlorophyll pigments were not used for
the calculations due to their occurrence in all phytoplankton groups.

The model showed that algae groups played a minor role for the DMS distribution over
the entire transit. Only in cluster 2, diatoms, haptophytes and dinoflagellates were tested
significantly for DMS (R2 = 0.32, Table 2.3, a). Bürgermeister et al. (1990) and Merzouk
et al. (2008) found increased DMS concentrations caused by diatoms in the Atlantic
Ocean. Elevated abundance of haptophytes and dinoflagellates were measured together
with enhanced DMS concentrations in different oceanic regions in general. Additionally,
all these algae groups were identified as important contributors to the DMSPd/p pool
with the MLRM in this study (see below), which indicated that DMS was probably only
indirectly dependent on these algae via bacteria. This finding is in line with Yoch (2002),
Kiene et al. (2000) and Schäfer et al. (2010), reporting that DMS is mainly controlled
by the activity of bacterioplankton. It might be possible that DMS was rapidly converted
into DMSO by bacteria which used DMS as an energy source (Boden et al., 2011; Green
et al., 2011). This fast conversion could explain the low DMS concentrations and the lack
of correlations between algae and DMS along the western Pacific Ocean transit.

2.3.6.2 DMSP and phytoplankton groups

Over the entire transit, the main phytoplankton groups which influenced the DMSPd dis-
tribution were dinoflagellates, chrysophytes, and cyanobacteria, although cyanobacteria
are not considered to be important DMSP producers (Keller et al., 1989). In contrast,
diatoms appear to be the most important algae group in cluster 2 both for DMSPd and
DMSPp (R2 = 0.61, Table 2.3, c; R2 = 0.73, Table 2.3, e; respectively). Dinoflagellates,
chrysophytes, and diatoms appeared to be the most important contributors to the DMSPp

pool (R2 = 0.37, Table 2.3, d) for the entire transit. In cluster 4 no pigment was found that
contributed significantly to DMSPd/p.

Belviso et al. (2001) showed a clear relationship between DMSPp and haptophytes
as well as chrysophytes with over 200 samples from different regions (Atlantic Ocean,
Mediterranean Sea and Southern Ocean) by using linear regression. Although hapto-
phytes were only important for DMSPp in cluster 2 chrysophytes were identified as im-
portant algae group for all DMSP pools in this study. Dinoflagellates were identified as
producers for all DMSP pools in the Pacific Ocean, which is in agreement with findings in
other marine regions (Keller et al., 1989; Stefels, 2000; Steinke et al., 2002). Surprisingly,
diatoms and cyanobacteria influenced DMSP, although these algae groups are thought to
be minor DMSP producers in general (Keller et al., 1989). The cyanobacteria and di-
atoms were distributed in similar patterns to the DMSP producing taxa, possibly causing
the model to identify them as contributors to the DMSP pool. It should also be consid-
ered that cyanobacteria were dominating the main part of the West Pacific Ocean transit
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and were mainly responsible for the TChl-a concentration, which correlated slightly with
DMSP. In addition, some specialized diatom species in the Pacific Ocean may also be able
to produce a sizable amount of DMSP. Keller et al. (1989) showed that certain species of
diatoms can be significant for the DMSP pool. Thus, this alga taxon cannot be dismissed
as DMSP contributor in general.

2.3.6.3 DMSO and phytoplankton groups

Diatoms, haptophytes and chrysophytes correlated significantly with DMSOd (R2 = 0.42,
Table 2.3, i). In cluster 2, dinoflagellates, diatoms and chrysophytes were the most impor-
tant pigments for the DMSOd as well as for the DMSOp distribution (R2 = 0.45, Table
2.3, j; R2 = 0.84, Table 2.3, l, respectively). Furthermore, diatoms, cyanobacteria and
dinoflagellates seemed to influence the DMSOp distribution for the entire data set (R2 =
0.54, Table 2.3, k). In cluster 4 no significant correlations could be found.

For DMSP and DMSO the same algae groups were identified as important sulphur pro-
ducers but in different compositions dependent on the sulphur compound and the region.
Field measurements conducted by Lee et al. (1999b) and culture experiments with di-
noflagellates and haptophytes which showed high DMSOp production (Simó et al., 1998)
suggested that DMSOp might be produced by a broad range of phytoplankton compa-
rable to that of DMSP producing algae groups. The authors did not exclude that other
species, which are not known as DMSP producers, might also be responsible for a sig-
nificant amount of DMSO. In this study, we also found that DMSOp correlated with
phytoplankton pigments of known DMSP producers. However, the pigment analysis did
not show direct correlations between DMSO and pigments from non-DMSP producing
phytoplankton. Cryptophytes, prasinophytes, chlorophytes and cromophytes showed no
or a negligible influence on the distribution of all tested sulphur species in the western
Pacific.

Only few correlations were found in cluster 4 compared to cluster 2 and the entire transit.
Cluster 4 included mainly the oligotrophic warm waters of the West Pacific Ocean dom-
inated by cyanobacteria. The distribution pattern of phytoplankton is similar to cluster
2. However, cluster 4 was different from other clusters by its particularly low biomass,
as well as the lowest sulphur concentrations of the entire transit (Fig. 2.1). It seems that
the very low biomass was the main factor governing the concentrations of sulphur in this
region, with a minor influence of the algae composition. Thus, large regions in the sub-
tropical and tropical western North Pacific Ocean did not have a highly dynamic sulphur
cycle in the surface ocean during the transit in October 2009.
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2.3.7 Sulphur compounds as precursors for methane

The CH4 concentrations (corresponding saturations are given in parenthesis) during the
cruise were in the range from 1.8 to 4.8 nmol L−1 (91 – 218 %) with an average (± stan-
dard deviation) of 2.5 ±0.8 nmol L−1 (127 ±32 %). The highest CH4 concentrations (3.8
– 4.8 nmol L−1; 159 – 218 %) were measured at the beginning of the cruise in the cold
waters of the Oyashio Current (north of 36°N), followed by a drop in CH4 concentrations
to 2.8 – 1.8 nmol L−1 (142 – 96 %) when the warm Kuroshio Current was crossed (be-
tween 36° and 25°N). The lowest CH4 concentrations (2.0 ±0.2 nmol L−1; 104 ±11 %)
were measured between the equator and 28°N and, thus, they were roughly associated
with cluster 4 (see section 3.1). The average CH4 concentrations between the equator
and 19°S was 2.4 ±0.5 nmol L−1 (127 ±26 %). Thus we conclude that the ocean during
the transit was an overall weak net source of CH4 to the atmosphere. Comparable mean
surface CH4 concentrations of 2.5 ±0.3 nmol L−1 and 2.2 ±0.02 nmol L−1 were measured
along 165°E between 40°N and 5°S and in the Kuroshio Current waters (27-30°N, 133-
142°E), respectively, by Watanabe et al. (1995). Rehder and Suess (2001) measured
CH4 surface concentrations in the range from 2.5 to 5 nmol L−1 between 38.6° and 42°N
in the Tsugaro Current outflow/Oyashio Current mixing region and a drop in CH4 con-
centrations to 2.3 nmol L−1 when Kuroshio Current waters were measured in the coastal
waters off Honshu further south. Moreover, Bates et al. (1996) reported CH4 concentra-
tions between 1.6 and 3.6 nmol L−1 for a series of five latitudinal transects in the Pacific
Ocean.

We found a significant positive correlation between TChl-a and CH4 surface concentra-
tions (R2 = 0.69, p=<0.001, n=36, Fig. 2.6). There are only a few other studies which
report a correlation between Chl-a and CH4 (Owens et al., 1991; Damm et al., 2008).
Watanabe et al. (1995) found a general trend but no significant correlation along 165°E.
Since the majority of the studies did not find a correlation between Chl-a and CH4 and
direct evidence from lab experiments with (axenic) algae cultures has not been published
yet, it is widely accepted that the accumulation of CH4 in the upper open ocean is not
related to a direct production by algae.

In our study, significant positive linear correlations were found between DMSOp and
CH4 (R2 = 0.37, p=<0.001, n=31) and DMSOt and CH4 (R2 = 0.42, p=<0.001, n=33), as
well as between DMSPd and CH4 (R2 = 0.57, p=<0.001, n=35) for the entire north-south
transit (Fig. 2.7). Additionally, we found a good correlation between CH4 and the marker
pigment for chrysophyceae (R2 = 0.76, p=<0.001, n=36, Fig. 2.6), which are known as
DMSP producers (Belviso et al., 2001) and which were well correlated with DMSPd and
DMSOt in our study (see sections 2.3.6.2 , 2.3.6.3). Therefore, we conclude that algae
derived DMSP and DMSO might be considered as possible precursors for CH4 production
in the western Pacific Ocean. However, further direct evidence is necessary to support this
suggestion.



2.3 RESULTS AND DISCUSSION 37

Fig. 2.6: Linear regression between TChl-a and methane (y=0.0027x+1.82, R2 = 0.69, F-statistic:
63, p-value <0.001, n = 36, open diamonds) and between chrysophytes (indicated by marker
pigments 19’- butanoyloxyfucoxanthin, upper x-axis) and methane (y=0.044x+1.92, R2 = 0.76,
F-statistic: 80, p-value: <0.001, n = 36, solid circles).
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Fig. 2.7: Relationship between the sulphur compounds (DMSPd, DMSOp, DMSOt [nmol L−1])
and methane [nmol L−1] in the surface water of the north-south transit in the Western Pacific
Ocean. DMSPd vs. methane: y=0.55x+1.54, R2 = 0.57, F statistic: 43.08, p-value: 1.85e-7,
n=36; DMSOp vs. methane: y=0.06x+1.72, R2 = 0.37, F statistic: 17.25, p-value: 2.64e-4, n=31;
DMSOt vs. methane: y=0.06x+1.48, R2 = 0.42, F statistic: 22.49, p-value: 4.5e-05, n=33.
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Damm et al. (2008) showed a significant negative correlation between DMSPt and
CH4 (R2 = 0.55) in the surface waters of an Arctic shelf region (Storfjorden, Svalbard
Archipelago), which is in contrast to the positive correlation with DMSPd found in our
study. Moreover, we could not find any correlation between DMSPt and CH4 in our data
from the western Pacific Ocean. Thus, there are obvious differences between the results
from the Storfjorden and the West Pacific Ocean (despite the fact that the conclusions are
identical): The algal community in the West Pacific Ocean during our cruise was very
likely suffering from continuous oxidative stress and nutrient limitation which could have
led to a continuous production of DMSPp (Sunda et al. 2002), and thus, DMSPd. This,
in turn, implies a continuous formation of CH4 from DMSPd via the demethylation path-
way (Moran et al., 2012) and may explain the positive correlation between the DMSPd

and CH4. In contrast, a bloom situation was encountered in the Storfjorden which implies
that the algae did not suffer from oxidative stress and/or nutrient limitation and therefore
a continuous production of DMSP was not necessary. The negative correlation found in
Storfjorden might have been caused by the fact that CH4 has been produced from interme-
diates resulting from a DMSP pool which was not replenished at the time of the bloom.
Additionally, it should be noted that Damm et al. (2008) observed increasing CH4 con-
centrations when DMSPt concentrations were >5 nmol L−1 but could see no effect on
the CH4 concentrations when DMSPt levels were <5 nmol L−1. In our study, however,
a correlation between DMSPd and CH4 was found although the concentrations for both
compounds were much lower. This reflects less intensive biological activity, perhaps due
to different assemblages of bacterioplankton, physiological stages of the bacteria and/or
nutrient limitation and oxidative stress compared to the Storfjorden.

A negative correlation between CH4 and DMSPt was also found in phosphate enriched,
but nitrogen depleted, oligotrophic Arctic Sea waters originating from the Pacific Ocean.
This indicates that CH4 production from DMSPt degradation products in oligotrophic
Arctic waters seems to be mainly depending on the availability of phosphate (Damm et
al., 2010). Despite the fact that nutrient data are not available for the TransBrom cruise,
it is reasonable to assume that the surface waters in the western tropical Pacific Ocean
during TransBrom were depleted in both phosphate and nitrate (see e.g. World Ocean At-
las of the National Oceanographic Data Center1). Thus, the CH4 production from DMSP
degradation products in the west Pacific Ocean seems to be triggered by a different mech-
anism than the one found in Arctic waters. In a microcosm experiment conducted in the
central Arctic, three main proteobacteria groups were identified as possible CH4 produc-
ers which seemed to have produced CH4 (indirectly) by degradation of DMSP (Damm
et al., 2010): Rhodobacter, Sulfitobacter (both in the family: Rhodobacteraceae) and
Mesorhizobium types. It is noteworthy that bacteria of Rhodobacteraceae are widespread
in the oligotrophic oceans and have genes that metabolize DMSP (Moran et al., 2007;

1http://www.nodc.noaa.gov/OC5/SELECT/woaselect/woaselect.html
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Moran et al., 2003; Moran et al., 2012) and therefore we may conclude that they could
have been responsible for the CH4 production along the north-south transit in the Pacific
Ocean. However, this needs to be proven directly by conducting experiments with these
bacteria groups in lab culture experiments.

For the first time a correlation between DMSO and CH4 could be observed in surface
ocean waters. There are two possible pathways: 1) DMSO was reduced to DMS (Hatton
et al., 2005; Spiese et al., 2009), which, in turn, may act as a precursor for CH4 and 2) a
direct (biological or non-biological) production of CH4 from DMSO. However, microbial
production of CH4 from DMS as well as a chemical production of CH4 via reaction of
OH with DMSOd (Eberhardt and Colina, 1988) are known to occur only under anoxic
conditions. Thus, the exact pathway and mechanism of CH4 production from DMSO in
the oxic surface layer remains to proven. If DMSO is a potential precursor or substrate for
the marine CH4 production, the influence of DMSO on the CH4 pool in the deep oceans
is underestimated because of the widespread distribution of DMSO throughout the entire
water column (Bouillon et al., 2002; Hatton et al., 1999).

2.4 Summary

Along the north-south transit of the TransBrom cruise, the western Pacific Ocean con-
tained low biomass except in the cold Oyashio Current waters, in coastal regions in the
vicinity of islands and the Great Barrier Reef. The low biomass regions were dominated
by picoplankton with prochlorophytes dominating. In high TChl-a regions, haptophytes
contributed significantly to the biomass.

For the first time a DMSO distribution pattern was presented in surface seawater along a
north-south transit in the western Pacific Ocean. Correlations between DMSO and DMSP,
as well as DMSO and DMSP with TChl-a, were observed for the entire transit, suggesting
a similar source for both sulphur species, namely biosynthesis in specialized algae. Sev-
eral algae groups were identified as contributors to the DMSP and DMSO pool, mostly
haptophytes, chrysophytes and dinoflagellates. Diatoms were also identified although
they are not known to be significant sulphur producers. DMSP and DMSO seemed to
be influenced by largely the same algae species, indicating that DMSP producing algae
might have the potential to synthesis DMSO as well.

The observed DMSPp : DMSOp ratios were extremely low and generally <1. They seem
to be characteristic for oligotrophic tropical waters representing the extreme endpoint
of the global DMSPp : DMSOp ratio vs. SST relationship. It is most likely that nutri-
ent limitation and oxidative stress in the tropical West Pacific Ocean triggered enhanced
DMSO production. DMSPd and DMSOp/t were positively correlated with CH4 for the
entire north-south transit, although the concentrations of both sulphur compounds and



CH4 were low. We conclude that DMSP could be considered as a potential precursor
for CH4 production in the surface waters of the western Pacific Ocean. For the first time
we could show that DMSO might act as a precursor or substrate for CH4 production as
well. However, further studies are necessary to understand how sulphur compounds are
converted into CH4 in oxic environments.
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Supplement

2.4.1 Phytoplankton pigments, group composition and

absorption coe�cients

The following diagnostic pigments were used to identify seven phytoplankton groups: fu-
coxanthin (Fuco), peridinin (Peri), alloxanthin (Allo), 19´-hexanoyloxyfucoxanthin (19HF),
19´-butanoyloxyfucoxanthin (19BF), zeaxanthin (Zea), and total chlorophyll-b (TChlb,
i.e. the sum of monovinylchl-b, chl-b, and divinylchl-b (div-b)). According to Hirata et
al. (2011) the weighted relationships of these diagnostic pigments (DPw) were calculated
by multiple regression analysis as follows:

% pico (<2 µm) = 100*(0.86 Zea)/DPw
% nano (2 -20 µm) = 100*(1.27 19HF +1.01 TChlb +0.35 19BF +0.6 Allo)/DPw
% micro (>20 µm) = 100*(1.41 Fuco +1.41Peri)/DPw
% diatoms = 100*(1.41 Fuco)/DPw
% dinoflagellates = 100*(1.41 Peri)/DPw
% haptophytes = 100*(1.2719HF)/DPw
% chrysophytes = 100*(0.3519BF)/DPw
% cryptophytes = 100*(0.6Allo)/DPw
% chlorophytes = 100*(1.01TChlb)/DPw
% all cyanobacteria = 100*(0.86Zea)/DPw

where,
DPw = 0.86 Zea +1.01 TChlb +1.27 19HF +0.35 19BF +0.6 Allo +1.41 Fuco +1.41 Peri.

By multiplying the total chl-a concentration (TChl-a) (i.e. the sum of monovinylchl-a, chl-
a, and divinylchl-a, div-a) with %-values for each group, the chl-a concentration for each
group was derived. In addition, TChl-a concentration of prochlorophytes, a subgroup of
cyanobacteria which is characterized by very low size (∼0.5 µm), and the pigments of div-
a and div-b, was calculated from div-a/(div-a+chl-a). The chl-a concentration of all other
cyanobacteria was calculated by subtracting prochlorophytes chl-a from all cyanobacteria
chl-a concentration.

Identifying phytoplankton assemblages with hierarchical

cluster analysis

The clustering of the hyperspectral phytoplankton absorption coefficients generates a
cluster tree to partition an input data set into subsets or clusters with no previous informa-
tion regarding membership of input data objects to predefined classes. Each cluster tree is
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obtained based on a selected linkage algorithm that considers a previously calculated sim-
ilarity distance between all samples included in the input data set. To minimize variability
in pigment composition associated with changes in phytoplankton biomass, the input to
the cluster analysis was represented by the ratio of individual pigment concentrations to
the surface TChl-a. In that sense, the information regarding the dominance of pigments
for each stations can be better assessed. Otherwise, the analysis would be mainly driven
by the amount of total pigments concentration. In addition, a Euclidean distance was
utilized to generate the pigment-based cluster partition in order to indicate differences in
magnitude of ratios of concentrations of individual pigments to TChl-a rather than differ-
ences in shape. The cluster partition obtained from the pigment data served as a reference
for partitioning the entire data set into distinct groups - clusters, each characterized by a
different phytoplankton pigment composition (shown in Fig. 2.10 of supplement). The
feasibility of using pigment data for identifying phytoplankton assemblages was tested
by comparisons of the clustering of the hyperspectral phytoplankton absorption (see Fig.
2.11 of supplement) data with using the cophenetic index (see details in Torrecilla et al.,
2011), an objective criterion of cluster similarity ranging from 0 (for no similarity) to 1
(for maximum similarity). Because we focus in this study on spectral signatures related to
the specific pigment composition, when computing the similarity between pairs of phyto-
plankton absorption spectra, an angular distance was utilized. This distance reflects better
the differences in the spectral shape of optical data.

Statistical analysis

Multiple linear regression models (MLRM) computed with RStudio™ were used. The
terms were added and removed from a MLRM based on their statistical significance. At
each step an F-test was performed to test the regressions with and without certain terms. A
term was added to the model if it contributed significantly at the 95%-confidence level or
removed from the model if it did not contribute at the 95%-confidence level. To identify
the simplest MLRM with the best explanatory power, each model was compared with the
previous one using Analysis of Variances (ANOVA) to test if the latest and simpler model
showed no significant differences to the former model. The influence of the interaction of
two or more parameters on the sulphur compound concentrations was additionally tested
with the same procedure as described above.

Different diagnostic tests were performed to determine if the assumptions made to per-
form the regression model calculations were valid. All response variables were tested
for normal distribution with the Shapiro-Wilk normality test or the Anderson-Darling test
(for more than 100 data points) and got transformed if necessary. A tree model was used
to obtain an overview of the interactions between the predictor variables prior the calcu-
lation of the MLRM. After each calculation, the model was tested for multicollinearity by
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computing the variance inflation factor (VIF). The heteroscedascity of the models as well
as the normal distribution of the residuals were examined graphically. A Durbin-Watson
Test was used to find auto-correlations in the residuals. Data points that had a strong influ-
ence on the models were identified graphically with the Cook’s distance. The model was
compared with the next to last simplest model using the Akaike‘s Information Criterion
to check if the simplest model with the best prediction was selected. The entire outputs
for all MLRM are given in Figure 2.8 between the different sulphur compounds and in
Figure 2.9 between sulphur compounds and phytoplankton marker pigments.
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Fig. 2.8: Significant multiple linear regressions between DMS, DMSP and DMSO (d=dissolved,
p=particulate, t=total) for the whole data set and within the cluster 2 and 4. Single coefficients,
estimates, standard Errors, t and p values of the different independent variables in each multiple
linear regression model as well as R2, F-statistic and p-value of each whole model are given.
Under model number is the response variable given. Variable square showed quadratic
relationship to response variable. The complete output of all models is given in the supplements.
Abbr.: st.: statistic; e. m.: entire model; e. d. s.: entire data set; a – n: number of models
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Fig. 2.9: Significant multiple linear regressions between DMS, DMSP and DMSO (d=dissolved,
p=particulate, t=total) and phytoplankton marker pigments for the whole data set and within the
cluster 2 and 4. Single coefficients, estimates, standard Errors, t and p values of the different
independent variables in each multiple linear regression model as well as R2, F-statistic and
p-value of each whole model are given. Under model number is the response variable given.
Variable square showed quadratic relationship to response variable. Abbr.: st.: statistic; e. m.:
entire model; e.d.s.: entire data set; a – n: number of models, fuco: fucoxanthin, hex:
19’-hexanoyloxyfucoxanthin, peri: peridinin, diato: diatoxanthin, dia: diadinoxanthin, diato:
diatoxanthin, but: 19’-butanoyloxyfucoxanthin, zea: zeaxanthin, ant: anthreaxanthin, viola:
violaxanthin
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Fig. 2.10: cluster tree for pigments (stations are labeled with consecutive numbers increasing
with latitude) during TransBrom Sonne based on HCA analysis. Different clusters are labeled
with yellow for cluster 1, green for cluster 2, blue for cluster 3 and red for cluster 4.
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Fig. 2.11: cluster tree for phytoplankton absorption coefficients measured during TransBrom
Sonne, stations are labeled with consecutive numbers increasing with latitude.
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3 Dimethylsulphide (DMS)

emissions from the West Paci�c

Ocean: a potential marine

source for the stratospheric

sulphur layer

Abstract

Sea surface and atmospheric measurements of dimethylsulphide (DMS) were performed
during the TransBrom cruise in the West Pacific Ocean between Japan and Australia in
October 2009. Air-sea DMS fluxes were computed between 0 and 30 µmol m−2 d−1,
which are in agreement with those computed by the current climatology, and peak emis-
sions of marine DMS into the atmosphere were found during the occurrence of tropical
storm systems. Atmospheric variability in DMS, however, did not follow that of the com-
puted fluxes and was more related to atmospheric transport processes. The computed
emissions were used as input fields for the Langrangian dispersion model FLEXPART,
which was set up with actual meteorological fields from ERA-interim data and differ-
ent chemical lifetimes of DMS. A comparison with aircraft in-situ data from the adjacent
HIPPO2 campaign revealed an overall good agreement between modeled versus observed
DMS profiles over the tropical West Pacific ocean. Based on observed DMS emissions
and the meteorological fields over the cruise track region, the model projected that up to
30 g S per month in the form of DMS can be transported above 17 km in this region.
This surprisingly large DMS entrainment into the stratosphere is disproportionate to the
regional extent of the cruise track area and mainly due to the high convective activity in
this region as simulated by the transport model. Thus, we conclude that the considerably
larger area of the tropical West Pacific Ocean can be an important source of sulphur to the
stratospheric persistent sulphur layer, which has not been considered as yet.
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3.1 Introduction

Dimethylsulphide (DMS) is the most abundant naturally produced sulphur compound
emitted from the sea surface. DMS has been the focus of much research since Charl-
son et al. (1987) proposed that DMS produced in the sea surface by phytoplankton may
affect the atmospheric radiative budget via its role in aerosol and cloud formation. In
addition, because DMS is rapidly oxidized when emitted to the atmosphere, studies have
been conducted showing that certain DMS oxidation products can be transported above
the tropopause and contribute to the persistent stratospheric sulphur layer (PSL), e.g. car-
bonyl sulphide (Crutzen, 1976), sulphur dioxide (SO2) (Chatfield and Crutzen, 1984), and
sulphur species in general (Gondwe et al., 2003; Lucas and Prinn, 2003). Recent work
has shown that an underestimation of the radiative effect of the PSL can lead to an over-
estimation of global warming (Solomon et al., 2011). Hofmann et al. (2009) reported
that since 2000 there has been an increase in the aerosol backscatter above the tropopause
and they propose an increase in sulphur compounds in the atmosphere as the main cause.
The importance of naturally occurring sulphur containing trace gases as a source to the
stratosphere is currently debated, since minor volcanic eruptions and anthropogenic sul-
phur dioxide (SO2) seem to have an overwhelming global footprint (Bruehl et al., 2012;
Bourassa et al., 2012; Vernier et al., 2011). Nonetheless, it is most likely that a combina-
tion of sulphur sources is responsible for the observed increase in stratospheric aerosol,
including a natural component that also needs to be investigated. Myhre et al. (2004) have
suggested, based on model calculations, that the contribution of sulphur to the stratosphere
from marine DMS emissions may be important.

Typically surface ocean DMS emissions (F , flux) are calculated using F = k∆C, where
k is a wind speed based parameterisation of the gas transfer coefficient and ∆C is the
measured bulk air-sea concentration difference. Because DMS is almost always super-
saturated in the surface ocean, seawater concentrations are the main component of the
concentration difference. Regarding k values, there is currently no consensus on the
functionality of the wind speed dependence of the gas transfer coefficient. Thus, sev-
eral different parameterisations have been proposed and used frequently in the literature,
which lead to considerable variability in computed surface ocean trace gas fluxes (see
Ho et al., 2006 for an overview). Furthermore, although remotely sensed wind speeds,
with high spatial and temporal resolution, are readily available for flux calculations, it is
still difficult to parameterise surface ocean DMS concentrations on similar scales. There-
fore, it is necessary to use archived in situ measurements to calculate DMS emissions.
Unfortunately, there is a considerable lack of high spatial and temporal resolution data
for oceanic DMS. It is important to build up the current Global Surface Seawater DMS
Database (http://saga.pmel.noaa.gov/dms), in conjunction with ancillary data, in order to
better understand the controls on oceanic DMS and predict future air-sea fluxes. Lana et
al. (2011), in the footsteps of Kettle et al. (1999, 2000), has used the existing database to
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compile a current surface ocean DMS climatology and compute air-sea fluxes. However,
the influence of DMS hotspots and high wind speed events, such as typhoons and tropical
storms, on the DMS flux is hard to determine from such climatology. Therefore, it is
important to compare in situ calculations to those in the climatology, not only to make
the database more robust, but also to determine the importance of such events relative to
“normal” conditions.

In this paper, we use in situ measurements of ∆C and wind speed (U) with three different
k parameterisations to compute DMS emissions during the TransBrom cruise in October
2009 in the western Pacific Ocean. This oceanic region experiences several meteorolog-
ical phenomena, such as tropical storms and deep convection, which make it especially
significant for transporting climate active trace gases emitted from the surface ocean to
the upper troposphere/lower stratosphere. The upper part of the tropical tropopause layer
(TTL), between 15 to 17 km altitude, is of specific interest here. The West Pacific region
acts as a main entrance region of trace gases into the stratosphere throughout the year,
peaking during boreal winter season with enhanced vertical transport (Fueglistaler and
Haynes, 2005; Krüger et al., 2008, 2009). Since the atmospheric DMS lifetime is short,
between 11 min and 46 h due to reaction with hydroxyl and nitrate radicals (e.g. Osthoff
et al., 2009; Barnes textitet al., 2006), DMS transport to the TTL is more efficient in
the western Pacific Ocean than in other oceanic regions. Computed DMS sea-to-air in
situ fluxes from the TransBrom cruise to the West Pacific Ocean were used to initiate the
high resolution Lagrangian transport model FLEXPART to determine the importance of
surface DMS emissions for stratospheric sulphur loading in this region.

3.2 Data and Model

3.2.1 Ship measurements

Underway surface water samples for DMS and air samples for DMS were collected
aboard the R/V Sonne from the 9 to 24 October 2009 during a transit from Tomako-
mai (Japan) to Townsville (Australia). A detailed description of the TransBrom cruise
including the meteorological background is given by Krüger and Quack (2012). Three
tropical storms (Melor, 9 October; Nepartak, 12 October; Lupit, 14 October) passed the
transit and were responsible for wind speeds up to 18 m s−1 (see also Figs. 3.1 and 3.2).
The circulation of the Pacific Ocean and atmosphere were affected by a strengthening
El Niño event, inducing an increase in sea surface temperature towards the east, which
triggered an elevated atmospheric convection. The analyses of water samples, taken ev-
ery three hours, from this cruise using gas chromatography coupled to flame photometric
detection are described in detail by Zindler et al. (2012). Atmospheric measurements of
DMS were performed according to Schauffler et al. (1999), also with samples taken at
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three hour intervals. Air and water samples were not always taken simultaneously. When
this occurred, the distance between the sample locations was used to determine the air and
water pairs. The mean analytical errors were estimated to be ±20% for dissolved DMS
(Zindler et al., 2012) and ±10% for atmospheric DMS.

Fig. 3.1: TransBrom cruise track from Japan to Australia in Oct 2009. Colored lines indicate one
day back trajectories for each day shown in the colorbar. Dots on the cruise track indicate the
three storm events that occurred during the cruise.

The DMS oceanic and atmospheric data were used for the flux calculation. Sea surface
temperature and wind speed data from ship sensors at one minute resolution were se-
lected dependent on time and latitude of the DMS samples (Fig. 3.2). Flux calculations
were performed by applying three different gas transfer coefficient parameterisations at
a Schmidt number of 720, that of DMS in seawater at 25°C according to Saltzman et al.
(1993), Marandino et al. (2007) - UCI, Wanninkhof (1992) - W92, Liss and Merlivat
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(1986) - LM. The parameterisations were chosen to reflect the different theories of wind
speed dependence and measurement techniques for k, where UCI is linear and derived
from eddy covariance measurements, W92 is quadratic and derived from the 14C ocean
inventory, and LM contains three different linear parameterisations based on tracer studies
and wind-wave tank measurements.

3.2.2 Model runs

The atmospheric transport of DMS from the oceanic surface into the upper troposphere
and the TTL is simulated with the Lagrangian particle dispersion model FLEXPART
(Stohl et al., 2005). This model has been widely applied to simulate long-range and
mesoscale transport (e.g., Spichtinger et al., 2001; Stohl et al., 2003; Forster et al., 2004)
and extensively validated based on measurement data from three large-scale tracer ex-
periments (Stohl et al., 1998) and on intercontinental air pollution transport studies (e.g.
Stohl and Trickl, 1999; Forster et al., 2001). FLEXPART is an off-line model driven
by meteorological fields from the European Centre for Medium-Range Weather Forecast
(ECMWF) numerical weather prediction model. It includes the simulation of chemical
decay based on a prescribed atmospheric lifetime, parameterisations for moist convection
(Forster et al., 2007), turbulence in the boundary layer and free troposphere (Stohl and
Thompson, 1999), dry deposition and in-cloud, as well as below-cloud, scavenging.

In order to quantify the amount of DMS transported into the upper TTL for the observa-
tions during the TransBrom campaign, we simulate the transport pathways (trajectories)
of a multitude of air parcels starting at the ship measurement time and location. For each
computed DMS in situ sea-to-air flux a separate FLEXPART run is launched where 10,000
air parcels were released over one hour from a 0.0002° x 0.0002° grid box (∼500 m2) at
the ocean surface centered at the measurement location. Based on the computed DMS in
situ flux, the total amount of DMS emitted from this grid box over one hour is calculated
and uniformly distributed over all air parcels. The amount of DMS carried by each air
parcel is reduced at a rate corresponding to its chemical lifetime, which is set to 12 h and
24 h to represent typical gas phase values found in the literature, for two model scenarios.
The FLEXPART runs are driven by the ECMWF reanalysis product ERA-Interim (Dee
et al., 2011) using 6-hourly meteorological data. The input fields of horizontal and verti-
cal wind, temperature, specific humidity, convective and large scale precipitation, among
other parameters, are given at a horizontal resolution of 1° x 1° on 60 model levels.

For the validation of the FLEXPART runs, we compare simulated DMS abundances with
available aircraft observations from the HIAPER Pole to Pole Observations (HIPPO) 2
campaign, which were collected during several flight missions over the Pacific Ocean
during October/November 2009 (http://catalog.eol.ucar.edu/hippo2/index.html; Wofsy et
al., 2011). For this intercomparison, additional FLEXPART runs were launched applying
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Fig. 3.2: Shipboard measurements and subsequent flux calculations over the TRANSBROM
cruise track (by latitude, positive denotes northern latitudes and negative southern), from top:
panel 1) computed DMS fluxes using the UCI k parameterisation (UCI-solid circle), the
Wanninkhof, 1992 parameterisation (W92-open square), and the Liss and Merlivat (1986)
parameterisation (LM-asterix); panel 2) measured seawater DMS concentrations from Zindler et
al. (2012) ; panel 3) measured atmospheric DMS mixing ratios; panel 4) measured horizontal
wind speed (solid circle) and sea surface temperature (solid square).
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the actual meteorological fields for the time of the HIPPO2 campaign during Novem-
ber 2009, but using the DMS emissions from the TransBrom cruise during October 2009
since we do not have observed DMS emissions for November 2009. For these runs an
average DMS emission of 1.54 × 10−7mol m−2 hr−1 was distributed uniformly over the
tropical oceans (within 30°S–30°N) and the atmospheric DMS transport was calculated
for November 2009. Additionally, the same global runs were carried out for October and
December 2009 to estimate temporal (month-to-month) variations of the DMS entrain-
ment into the stratosphere.

The level above which no significant washout is expected is of special importance for the
transport of DMS to the stratosphere. DMS and its oxidation products reaching this alti-
tude can be assumed to contribute to the stratospheric sulfur loading irrespective of their
remaining chemical lifetime. While the exact vertical extent of the region where signifi-
cant washout is expected is still under debate (Fueglistaler et al., 2009), we have chosen
the cold point temperature at around 17 km as upper estimate of this level. Additionally,
we evaluate DMS entrainment above 15 km which is well above the main convective out-
flow regions and close to the level of zero radiative heating. Tost et al. (2010), using
different convective parameterisation schemes in a global CTM, showed that the choice
of the convection parameterisation has an influence on trace gas distributions. It is shown
that the Emanuel parameterisation, used by FLEXPART, injects more mass across the 250
mb surface (∼11 km altitude) in the tropics than other convection schemes used. There-
fore, it is possible that FLEXPART may show increased injected mass across ∼ the 17
km altitude surface in the tropics. However, the representation of convection in FLEX-
PART has been validated with tracer experiments and 222Rn measurements in Forster et
al. (2007).

For the surface air mass origin, one-day backward trajectories have been calculated on-
line with the HySplit model using the meteorological fields from National Centers for
Environmental Prediction – Global Data Assimilation System (NCEP-GDAS). Detailed
technical information about the trajectory model version 4 can be found in Draxler and
Hess (2004).

3.3 Results and Discussion

3.3.1 Atmospheric concentrations and computed DMS

air-sea �uxes

Atmospheric mixing ratios of DMS ranged between 2 and 200 ppt (76.2 ±52.2 ppt),
which are in the low to average range for open ocean background mixing ratios of DMS
(Fig. 3.2). Previous measurements of atmospheric DMS around the area of the TransBrom
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cruise track are in general agreement, 26.6 ±16.1 ppt, 19.3 ±14.7 ppt, 42.4 ±26.9 ppt,
and 59.3 ±16.8 ppt, but were measured during May–June (Kato et al., 2007; Marandino
et al., 2007). DMS values measured in the marine boundary layer, during the adjacent
HIPPO2 aircraft campaign (discussed in Sect. 3.3.2), were between 0 and 100 ppt during
November 2009. One day back trajectory analysis shows that the first 5 days of the ship
cruise were influenced by continental air masses from Asia, the next 6 days experienced
back trajectories from the open ocean (the 11th day, just south of the equator had air
masses originating over the Soloman Islands), and the air in the last 4 days originated from
eastern Australia or the Tasman Sea (Fig. 3.1). The largest atmospheric DMS abundances
were observed at approximately 16°N, when the cruise encountered the tropical storm
Nepartak. However, the highest values that were not influenced by major storm events
were found towards the end of the cruise track, in the air regime influenced by the Tasman
Sea.

DMS fluxes were computed using the shipboard measurements of atmospheric and sur-
face ocean concentrations (discussed by Zindler et al., 2012), sea surface temperature,
and horizontal wind speed (Fig. 3.2). Three different parameterisations were applied to
compute the gas transfer coefficient: Marandino et al. (2007) – UCI; Wanninkhof (1992)
– W92; Liss and Merlivat (1986) – LM. The computed fluxes vary between 3 and 30
µmol m−2 d−1. The range of the fluxes reflects the range in the computed k values, e.g.
W92 employs a quadratic and UCI a linear wind speed dependence. The diversity of gas
exchange parameterisations causes approximately a factor of three difference in the com-
puted fluxes. In this study, the highest values were computed during the tropical storm
Nepartak, during which the highest wind speeds (up to 18 m s−1) were experienced. The
fluxes shown here are in the general range reported in the Lana et al. (2011) DMS clima-
tology for October in this region. However, there are some spatial distribution differences.
Lana et al. (2011) computed values between 0 and 15 µmol m−2 d−1, with a maximum of
approximately 30 µmol m−2 d−1 in the Tasman Sea. Our maximum values are similar to
those of Lana et al. (2011) but were observed northward of the equator between 20 and
40°N, directly related to storm events. The Tasman Sea values reported here did not reach
the values in the Lana et al. (2011) climatology and are approximately 5 µmol m−2 d−1.

The computed fluxes in all cases correlate more with wind speed than with the seawa-
ter concentrations of DMS, especially for fluxes computed with k values more strongly
dependent on wind speed (Fig. 3.3). This may point to the fact that the gas transfer coef-
ficient parameterisation disproportionately influences the computed fluxes. Eddy correla-
tion measurements of DMS flux have indicated that the surface seawater DMS concentra-
tions explain more of the variability in the directly measured fluxes than horizontal wind
speed by a factor of approximately 2 (Marandino et al., 2007). Another complication
surrounding the use of wind speed based parameterisations and measured concentrations
was determined by Marandino et al. (2008). They found that directly measured emissions
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were up to 5 times higher than those computed using the flux equation alone, possibly re-
flecting a disparity between the concentration of DMS at the interface and that of the bulk
water. However, Marandino et al. (2008) hypothesise that this finding may be specific to
regions with high biological activity and, therefore, may not be not applicable here.

Fig. 3.3: (Top) Computed flux regressed against seawater concentration of DMS (y = 3.20x +
0.84, r2 = 0.24). (Bottom) Computed flux regressed again horizontal wind speed (y = 0.47x
-0.00, r2 = 0.52).

Interestingly, atmospheric values of DMS do not follow the same pattern as the computed
fluxes or seawater DMS concentrations over the cruise track (Fig. 3.2). It is evident that
the seawater concentrations of DMS do not have the same level of variability as the air val-
ues. It is very likely that the atmospheric values measured over the cruise track were more
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influenced by horizontal advection than by in situ fluxes. The highest fluxes were com-
puted for the Nepartak storm event, at which time there is only a secondary maximum in
the atmospheric mixing ratio. This may indicate that DMS was rapidly transported away
and replaced with continental air, since back trajectories indicate a continental influence in
this region. Conversely, there was a maximum peak in atmospheric values during the next
tropical storm Lupit, which was at the secondary flux maximum. During this time, back
trajectory analysis indicates that air masses originated from the open ocean. There may
have been a larger source region upwind, which resulted in more DMS in the atmosphere
that was rapidly transported by the storm toward the cruise track.

3.3.2 Implications for atmospheric sulphur loading

The measured levels of surface ocean DMS in the western Pacific Ocean are not above the
mean level of the global open ocean (Zindler et al., 2012). Considering that the patterns of
atmospheric DMS mixing ratios do not follow the surface ocean concentration patterns,
nor do the flux values, transport processes seem to have an important influence on DMS
derived sulphur loading to the atmosphere. In order to investigate the role of transport in
more detail, the high resolution transport model FLEXPART was used to track the fate of
DMS after its emission from the ocean. As a test, the tropical DMS distribution based on
average TransBrom emissions was calculated for November 2009, where in-situ aircraft
measurements of the HIPPO2 campaign were available above the tropical West Pacific
Ocean (see Sect. 3.2.2 for details). FLEXPART simulations use an atmospheric DMS
lifetime of 1/2 day and the output is given on a 1° x 1° grid. Figure 3.4 shows the loca-
tions of the tropical HIPPO2 measurements color coded by day. Coincident data points
between the tropical HIPPO2 measurements and the FLEXPART output were identified,
if their distance in latitude/longitude space is less than 0.5° and their altitude distance is
less than 500 m. A comparison of all identified coincidences is shown in the right panel
of Fig. 3.4. Large parts of the vertical DMS distribution observed during the HIPPO2
campaign can be reproduced by the FLEXPART simulation. DMS values are high in the
boundary layer and low above, reaching mixing ratios between 0 and 2 ppt in the lower
TTL (12 – 14 km). Some fragment of the HIPPO2 observations shows very large values
(around 200 ppt) at around 8 km altitude that are not reproduced by the FLEXPART simu-
lations. It is very likely that these large DMS mixing ratios resulted from local convective
events lifting DMS rich air from the boundary layer into the upper troposphere. These
large DMS values seem to be due to an atmospheric feature that is narrow in horizontal
extent. It is very likely that such small scale features can only be reproduced using the
true emission fields, which are not available for the present FLEXPART runs. The overall
good agreement provides confidence in the simulated oceanic DMS contribution to the
upper atmosphere using the in-situ emissions from the TransBrom cruise.
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Fig. 3.4: Comparison between HIPPO2 atmospheric DMS observations and FLEXPART DMS
simulations (1/2 day atmospheric lifetime). Measurement locations for HIPPO2 (left panel) and
comparison between HIPPO2 and FLEXPART coincidences (right panel) are shown.

In the next step, the amount of DMS transported into the TTL and to the top of the TTL
was calculated using the emissions computed with the UCI air-sea gas flux approach
as input for the FLEXPART simulations (Sect. 3.2.2). Figure 3.5 shows the vertical
DMS distribution given as a total quantity [kg] and as a relative quantity [%] with respect
to the amount of originally emitted DMS for the 1/2 day lifetime case. This vertical
DMS distribution was determined for each emission event as the accumulated amount of
DMS reaching the respective altitudes given on the y-axis. Figure 3.5a illustrates that
in most cases less than 30% of the originally emitted DMS leaves the boundary layer.
With increasing altitude less DMS is found in the atmosphere and above 12 km more than
10% of the originally emitted DMS can only be detected for a few isolated cases. Less
than 1% DMS in nearly all cases reaches the level of 17 km. The total amount of DMS
transported from the ocean surface along the TransBrom cruise track is given in kg in Fig.
3.5b. Between 20°N and 15°N, as well as around 5°S, enhanced vertical transport, which
is connected with intense tropical convection (Krüger and Quack, 2012), can be observed.
These events coincide with medium to large DMS emissions resulting in 5x10−7 - 1x10−6

kg of DMS (equivalent to 3 to 10%) reaching the upper TTL. These same events also
demonstrate that more than 30% of emitted DMS can reach 8 to 9 km altitude, where
peak mixing ratios of 50 to 180 ppt were detected by the HIPPO2 aircraft campaign (Fig.
3.4). It is noteworthy, however, that the pattern in emissions, namely the peak emissions,
does not entirely follow the pattern of entrainment to the TTL. On the first half of the
cruise, until around 10°S, we can surmise that the storm events that triggered the large
emissions do not always coincide with the high entrainment events. South of 10°S, the
pattern of sea-to-air fluxes is more closely linked to the pattern of entrainment. Similar
results were observed for CHBr3 transport during the TransBrom cruise (Tegtmeier et al.,
2012). Figure 3.6 shows tropical estimates of the amount of DMS transported above the
level of 17 km for two different atmospheric DMS lifetimes (1 day and 1/2 day). As
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expected, the amount of DMS reaching 17 km is considerably smaller for the shorter
lifetime.

Fig. 3.5: Atmospheric vertical DMS distribution computed along the TransBrom cruise track
given as a) total amount [kg] and b) amount relative to DMS emission from the sea surface [%].
Atmospheric DMS distribution is based on FLEXPART simulations with a 1/2 day atmospheric
lifetime. DMS emission at the ocean surface over 500 m2 and one hour is given as the black line
corresponding to the right y-axis.

These estimates of DMS entrained above 17 km, summed over the whole TransBrom
campaign, are compared to the required global annual sulphur source computed by Hof-
mann et al. (2009) to maintain the PSL during volcanically quiescent periods (Table 3.1).
For DMS with a one day lifetime, the average quantity transported above 17 km over the
cruise track is approximately 6.37x10−6 kg DMS hr−1 or 2.37 x 10−11 Tg S month−1.
The value changes to 3.84x10−6 kg DMS when FLEXPART is run with the more conser-
vative assumption of a DMS lifetime of 12 h. The monthly mean calculation for DMS
transport above 17 km assumes that the DMS emission field and convective processes are
constant for the entire month, which is reasonable given that the cruise and FLEXPART
runs extended over a 2 week period. Hoffman et al. (2009) calculates that 0.01 - 0.02
Tg S yr−1 is required globally, from all the different sulphur sources, including anthro-
pogenic sulphur and minor volcanic eruptions, to maintain the increase in the PSL after
2000. A value of 2.0x10−13 Tg S month−1 is obtained when this value is scaled down by
surface area to the region of the cruise track, i.e. the surface area of cruise track (5.75x104

m2) divided by the surface area of world ocean (3.6x1014 m2). The amount of DMS pro-
jected to be transported above the TTL is approximately 75 - 119 times higher than the
required amount of sulphur from Hoffman et al. (2009). This computed sulphur loading
does not take into account the oxidation products of DMS that may also be transported
above the TTL. Myhre et al. (2004) projected that natural sulphur emissions on a global
scale contribute significantly to the PSL source, however they also conclude that anthro-
pogenic emissions are the dominant factor. While their conclusions are obvious for the
global scale, the regional importance of marine sulphur has been overlooked. The value
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Fig. 3.6: Observed emissions of DMS at the ocean surface (black line), and total amount of DMS
entrained above 17 km based on FLEXPART simulations with 1 day (red line) and 1/2 day (green
line) atmospheric lifetimes are shown.
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Tab. 3.1: Calculation of sulphur loading above the TTL relative to the 0.015 Tg S yr−1 required
globally to maintain PSL after 2002 (Hofmann et al. 2009). Note that the DMS above 17 km and
the required Tg S were scaled to the area of emissions.

DMS DMS above Area of Area of Required Marine
lifetime 17 km emissions global ocean Tg S contribution

(Tg S month−1) (m2) (m2) month−1 (multiplying factor)
12 h 1.43×10−11 5.75×104 3.60×1014 2.00×10−13 71.5
24 h 2.37×10−11 119

computed here from the TransBrom cruise highlights that oceanic emissions of DMS in
regions of fast vertical uplift play a disproportionately (when evaluated by regional size)
important role in the radiative budget of the atmosphere. Modest increases in marine
emissions coupled to enhancements of vertical transport or tropical cyclone activity in the
tropics may easily be a main factor, on a regional scale, contributing to the higher source
of sulphur discussed by Hofmann et al. (2009) to the PSL.

Additionally, the entrainment rates modeled by FLEXPART for the month of October
are not constant over the entire year. Figure 3.7 illustrates the change in tropical (20°S
– 20°N) DMS entrainment above 15 and 17 km over time, from October to December
2009, based on the conservative lifetime projection of 1/2 day. The FLEXPART runs use
the same emission fields over the entire period, but variability in entrainment is clearly
evident. This variability is only due to changes in the meteorology and hence in vertical
transport processes (i.e. deep tropical convection) over time. On average, October shows
lower DMS abundances at 15 and 17 km altitude than November and December, as would
be expected from the pronounced and fast TTL transport during the boreal winter season
over the West Pacific Ocean (Fueglistaler and Haynes, 2005; Krüger et al., 2009). These
runs are of course only representative for 2009 and interannual variability may be even
more pronounced. However, during the TransBrom period from 9 to 24 October 2009,
the DMS model values can be as high as during other shortterm periods for November
and December months. Thus, we conclude that given the very short lifetime of DMS the
TTL entrainment is mainly determined by synoptic-scale processes such as tropical deep
convective events rather than large-scale seasonal effects. The Lana et al. (2011) flux
climatology shows increased DMS emissions in the tropics seasonally, especially from
December to February. The emissions increase approximately 5 times over that time
period, while entrainment above 17 km stays in the same order of magnitude and can be
large for short-term periods (Fig. 7). Scenarios, in which several factors related to both
emissions and meteorology background conditions (e.g. wind speed and direction, sea
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surface temperature) change, need to be investigated in order to understand how increased
marine emissions coupled with increased transport to the stratosphere may impact sulphur
loading to the free troposphere as well as to the PSL.

Fig. 3.7: Time series of tropical mean DMS VMR at 17 km and 15 km for October to December
2009. The time series is based on FLEXPART model simulations using TransBrom average
emissions for the tropcial oceans and 1/2 day atmospheric lifetime for DMS.

3.4 Conclusions

Ship measurements of seawater and atmospheric DMS, wind speed, and sea surface tem-
perature from October 2009 in the western Pacific Ocean, on board the TransBrom cruise,
were used to compute marine emissions of DMS. The emissions were employed to model
the amount of DMS that is transported above the tropical tropopause layer (17 km) in Oc-
tober applying the high resolution Lagrangian transport model FLEXPART. The resulting
amount of DMS in the stratosphere is notable, 75 – 119 times greater than the required
stratospheric source when scaled by region. This amount could also increase with season,
during times of higher emission, tropical cyclone or deep tropical convection activities.



Given that dissolved DMS concentrations observed in the tropical western Pacific Ocean
were not considerably high, it is noteworthy that the intense vertical transport in this area
deliver large quantities of DMS and its oxidation products into the stratosphere, where
they can (further) oxidize and form sulfate aerosol. Additional focused studies on DMS
seawater concentrations and emissions are required in regions, such as the western tropi-
cal Pacific Ocean, in order to better quantify the full impact of marine DMS emissions on
the radiative budget of the atmosphere, now and in a future climate.
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4 Dimethylsul�de (DMS) and

isoprene in the ocean surface

layer along a north-south transit

in the eastern Atlantic Ocean

Abstract

Continuous measurements of isoprene (2-methyl-1,3-butadiene) and dimethylsulfide (DMS)
were conducted in surface seawater along a north-south transit in the eastern Atlantic
Ocean in November 2008. Positive and negative correlations between DMS and isoprene
were observed in different areas extending over two-thirds of the sampling site. A link be-
tween DMS and isoprene was determined in oligotrophic and euthrophic regions when the
gases were clustered by their dependence on N:P, reflecting a common source and/or sink
of the two compounds possibly related to bacteria. Dimethylsulfoniopropionate (DMSP),
the precursor of DMS, correlated with isoprene in oligotrophic to mesotrophic regions
when clustered according to N:P. Different phytoplankton groups, such as dinoflagellates,
haptophytes and chrysophytes, seemed to be a common source of both DMSP and iso-
prene. Furthermore, the distribution pattern of the ratio of DMS and isoprene was related
to the hydrographic regions of the eastern Atlantic Ocean. Enhanced isoprene concentra-
tions compared to DMS were observed the in Canary Current, ITCZ and equator regions.
Elevated DMS concentrations were detected in the Guinea Dome and Angola Gyre. The
differences in the distribution pattern might be due to a non-DMSP producing biological
source for isoprene and transport of the longer lived isoprene compared to DMS. How-
ever, the highest concentrations of DMS and isoprene were observed in a spring bloom
near South Africa, pointing to the overwhelming role of biological activities on the pro-
duction of both trace gases.
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4.1 Introduction

Isoprene (2-methyl-1,3-butadiene; CH2−−C(CH3)CH−−CH2) and dimethylsulfide (DMS;
(CH3)2S) are atmospheric trace constituents which play important roles in processes re-
lated to atmospheric chemistry and the climate of the Earth. DMS emitted from the ocean
is the most important natural source of sulfur to the troposphere (Vogt and Liss 2009)
and, moreover, may also contribute significantly in tropical regions to upper troposphere
sulfur loading (Marandino et al., 2012). The view that DMS is the major precursor for
cloud condensation nuclei in remote marine areas has been questioned recently (Quinn
and Bates, 2011). Isoprene is the most abundant biogenic non-methane hydrocarbon in
the atmosphere. Isoprene oxidation products have been shown to form secondary organic
aerosols (Schmitt-Kopplin et al., 2012) and, thus, have an indirect impact on the Earth’s
climate (Shaw et al., 2010). Additionally, isoprene has a strong effect on the balance
of oxidants in the atmosphere and plays a key role in the formation and destruction of
tropospheric ozone (Houweling et al., 1998). Terrestrial vegetation is the largest source
of isoprene to the atmosphere (Sharkey et al., (2008) and references therein), while the
ocean is a comparably weak source (Baker et al., 2000, Arnold et al., 2009). Due to
the high volatile and reactive character of isoprene, its oceanic emissions may have sea-
sonal and/or regional impacts on the atmosphere, especially in productive areas of remote
marine regions and coastal upwelling areas (Shaw et al., 2010).

The occurrence of phytoplankton plays a central role in the oceanic pathways of both
gases DMS and isoprene. Oceanic DMS and its major precursor dimethylsulfoniopropi-
onate (DMSP) are involved in a complex interplay of biotic and abiotic pathways. DMSP
is formed by phytoplankton and can be cleaved to DMS by bacteria and phytoplankton.
DMS is subject to microbial consumption as well as photochemical oxidation and loss
to the atmosphere (Simó 2004, Stefels et al., 2007, Vogt and Liss 2009, Schäfer et al.,
2010). In contrast, comparably little is known about the oceanic pathways of isoprene. A
wide range of phytoplankton species of different functional groups, as well as seaweed,
can produce isoprene (Shaw et al., 2010, and references therein). Less is known about the
chemical loss of oceanic isoprene and only few studies showed microbial consumption of
marine isoprene (Alvarez et al., 2009). Elevated isoprene concentrations were observed
above phytoplankton blooms, suggesting that the main loss of isoprene from the ocean is
the release to the atmosphere (Yokouchi et al., 1999, Palmer and Shaw 2005, Meskhidze
and Nenes 2006).

In this study, DMS and isoprene were concurrently and continuously measured at high
resolution in the surface seawater of the eastern Atlantic Ocean along the transit ANT-
XXV/1 with R/V Polarstern from Bremerhaven, Germany, to Cape Town, South Africa,
in November 2008 (Koch and Kattner 2012) (Fig. 4.1). In order to determine the major
factors influencing the surface distributions of DMS and isoprene in the eastern Atlantic
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Ocean, a suite of additional measurements such as dissolved and particulate DMSP, phy-
toplankton composition, chlorophyll a as well as satellite data of chlorophyll a and calcite
were examined in conjunction with the trace gases.

4.2 Methods

4.2.1 Trace gas and DMSP measurements

DMS and isoprene were continuously measured using an atmospheric pressure chemi-
cal ionization mass spectrometer (mini-CIMS). The mini-CIMS consists of a 63Ni atmo-
spheric pressure ionization source coupled to a single quadrupole mass analyzer (Stan-
ford Research Systems Residual Gas Analyzer; SRS RGA200) (Saltzman et al., 2009).
DMS and isoprene in seawater were analyzed by coupling the mini-CIMS to a homemade
porous Teflon membrane equilibrator. The porous membrane (International Polymer En-
gineering) was housed inside a 1/2 inch outer diameter Teflon tube (Saltzman et al., 2009).
Seawater from approximately 2 m depth was supplied to the equilibrator at a flow rate of
approximately 1 L min−1 using a continuous pumping system off the side of the ship (for
details see Neogi et al., (2011)). A counterflow of dry, purified air (Dominick Hunter) was
directed through the equilibrator at 100 mL min−1. The equilibrated air stream was di-
luted with 1.7 L min−1 of clean purified air. Trideuterated DMS (CD3SCH3) (CD3SCH3,
2.78 ppm, 2 mlpm) was added to the air stream as an internal standard. Isoprene sensi-
tivities were calculated by standard addition of unlabeled isoprene from a standard tank
every 12 hours.

The mini-CIMS measurement protocol was 30 minutes of blank and standard addition
measurements, followed by 12 hours of continuous seawater measurements. The types
of blanks measured were as follows: 1) the sampling system excluding the equilibrator
2) the sampling system including the equilibrator without standards added. There were
several periods during which the continuous seawater pumping system was not operating
properly, resulting in many bubbles entering the equilibrator. These periods were removed
from the dataset.

The AP-CIMS seawater DMS concentrations were calculated by determining the equili-
brated mixing ratio using the continuously monitored isotope standard and then applying
the temperature dependent Henry’s law constant (Dacey et al., 1984) using in-situ mea-
sured sea surface temperature, as described in Marandino et al., (2007). The isoprene
seawater concentrations were more difficult to determine because isoprene is highly in-
soluble and no temperature dependent Henry’s law (H) equation exists for isoprene in sea-
water. Isoprene equilibration mixing ratios were calculated using the instrument isoprene
sensitivity determined by standard addition and seawater concentrations were computed
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using the freshwater temperature dependence from Mackay and Shiu (1981). The fresh-
water H values were reduced by 10% to account for the salting out effect. Because the
solubility of isoprene is relatively low, a significant fraction of seawater was transferred
to the air flow in the equilibrator (roughly 35%). The measured seawater isoprene con-
centration was corrected to account for this effect. All AP-CIMS data shown here are five
minute averages. The precision for DMS and isoprene measurements, calculated using
the standard gases, were 6% and 13%, respectively.

DMSP was also measured concurrently using a gas chromatograph-flame photometric
detection system (GC-FPD) according to the method described in Zindler et al., (2012a).
The mean analytical errors of dissolved DMSP (DMSPd) and particulate DMSP (DMSPp)
were ±19% and ±20%, respectively. Discrete samples from the continuous seawater
pumping system were taken for GC-FPD measurements irregularly in time steps between
1 and 9 hours. During the cruise, low temperatures in the laboratory caused problems
with the detection limit. As a result, there are several periods with missing DMSP data.

4.2.2 Additional parameters

Phytoplankton pigments and nutrient data from the transit are described in Taylor et al.,
(2011) and Neogi et al., (2011), respectively. Surface seawater temperature (SST), sur-
face seawater salinity (SSS) and wind speed were recorded in 1 minute resolution by
the ship’s automatic recording system. The MODIS chlorophyll and calcite satellite data
(http://modis.gsfc.nasa.gov/) used was the 8 day composite for each week of the cruise
track, 4 weeks in total. HYSPLIT was used to compute the 5 day back trajectories.

4.3 Setting of the eastern Atlantic Ocean in

November 2008

A general introduction to the hydrographic and biogeochemical setting of the eastern
Atlantic Ocean during the transit ANT-XXV/1 is given in Koch and Kattner (2012). SST
and SSS at approximately 5 m depth as well as wind speed are shown in Fig. 4.2 for
the entire transit. Mean SSS ranged between 33.8 and 37 with a mean value of 35.9.
The most salty waters were found between 20°N and 35°N as well as between 5°N and
18°S when the equatorial upwelling (2°N – 2°S) and the Angola-Benguela Front (around
14°S) was encountered, respectively. The Intertropical Convergence Zone (ITCZ) was
detected between 2°N and 10°N with lowest salinity (33.8) measured along the transit.
A mean SST of 21.5°C was determined with a range of 12.2°C to 29.8°C. The coldest
waters occurred in the English Channel and the region of the tidal front at around 48°N
and increased continuously towards the south with a maximum value at 7.6°N. Further
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south the SST decreased again. Wind speed ranged between 0.3 and 19.2 m s−1 with a
mean value of 7.6 m s−1. The highest wind speeds were measured in the English Channel
(50°N) around 44°N, at 25°N, and near the South African coast (26°S, Fig. 4.2).

Fig. 4.1: ANT-XXV/1 cruise track superimposed on MODIS chlorophyll (left) and calcite (right)
data. The white lines are 5 day back trajectories from HYSPLIT.

The highest sea surface nutrient concentrations were measured near the coast, off South
Africa and in the English Channel, while between 40°N and 15°S the concentrations were
low with a small concentration peaks between 10°N and 20°N. Nitrate ranged between 0
- 9.34 µmol L−1 with a mean of 1.17 µmol L−1 and phosphate ranged between 0.03 - 0.59
µmol L−1 with a mean of 0.16 µmol L−1. The highest N:P ratios were also found near the
coasts at the beginning and at the end of the transit (up to 20) and between 0°N and 20°N
(up to 7) (for more detail see Koch and Kattner (2012)).

Chlorophyll a (Chl-a) concentrations, from in-situ measurements during the cruise (pub-
lished in Taylor et al., (2011)) and retrieved from MODIS satellite observations, showed
overall low values (0 and 1 mg m−3) for the whole transit. However, elevated Chl-a con-
centrations (up to 5.5 mg m−3 for in-situ data and up to 7.8 mg m−3 for MODIS data) were
found in the region of the tidal front as well as in the equatorial upwelling region and in
two blooms which were encountered between 19°N and 22°N (B1) and again around 11°N
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Fig. 4.2: Distribution pattern of DMS, isoprene, DMSP (dissolved and particulate), chl-a, calcite,
wind speed, sea surface temperature and salinity against latitude along the north-south transit
from Germany to South Africa in the eastern Atlantic Ocean.
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and 15°N (B2) (Taylor et al., 2011) (Fig. 4.1 and 4.2). At the end of the transit (around
14°S – 23°S) Chl-a in-situ data were increased, but lower than 1 mg m−3. Enhanced Chl-a
concentrations occurred in conjunction with elevated N:P ratios around 10°N. Enhanced
calcite concentrations (indicator for coccolithophorids, up to 3.3 mmol m−3, Balch et al.,
(1991), Holligan et al., (1983)) retrieved from MODIS were observed in regions of ele-
vated Chl-a concentrations and followed roughly the distribution pattern of Chl-a for the
entire transit (Fig. 4.1 and 4.2).

The distribution pattern of the in-situ measured marker pigments (published in Taylor
et al., (2011)) showed elevated abundance of haptophytes (including coccolithophrids)
between 40°N and 45°N and at the end of the transit between 17°S and 23°S. In the re-
gions of the transit where DMS and isoprene were measured, a correlation of the in-situ
measured pigments Chl-a and 19´-hexanoyloxyfucoxanthin (indicator for haptophytes,
R2=0.82, p-value <0.001, n=39) were found, underlining the similar distribution pat-
tern of haptophytes and Chl-a. Cyanobacteria were most abundant in the tropical and
sub-tropical oligotrophic waters. A high abundance of diatoms was detected in the two
blooms (1.8 - 3 mg m−3). Dinoflagellates occurred along the whole transit but were low
in abundance. For a detailed discussion about the phytoplankton distribution along the
cruise track see Taylor et al., (2011).

4.4 Results and Discussion

4.4.1 DMS, DMSP and isoprene distribution patterns

DMS concentrations ranged from 0.4 to 17.1 nmol L−1 with a mean concentration of 3.6
±1.2 nmol L−1 along the entire cruise track. DMS concentrations did not show much
variability between 45°N and 10°S (1 - 4 nmol L−1 ) except of two small peaks with
DMS concentrations of up to 9 nmol L−1 within the two blooms at ∼22°N (B1) and
∼15°N (B2). Elevated DMS concentrations between 3 and 17 nmol L−1 were measured
from 12°S to 26°S (Fig. 4.2). The average surface DMS concentration from several stud-
ies in the eastern Atlantic Ocean (2.64 ±2.48 nmol L−1 , data extracted from the Global
Surface Seawater DMS Database: http://saga.pmel.noaa.gov/dms) is slightly lower com-
pared to the mean from our study. However, the distribution pattern of the archived data
was similar. No correlation was observed between DMS and Chl-a for the entire tran-
sit. Nonetheless, DMS peaked in regions of elevated Chl-a concentrations (Fig. 4.2).
The distribution pattern of DMSPd (mean 3.2 nmol L−1 , range < 0.3 - 55.5 nmol L−1 )
and DMSPp (mean 25.1 nmol L−1 , range 0.7 – 247.7 nmol L−1 ) followed roughly the
distribution of DMS (Fig. 4.2). Elevated concentrations of DMSPd and DMSPp were
measured between 12°S and 26°S and in the two blooms (B1, B2). However, enhanced
DMSPp concentrations were detected between 35°N and 50°N when DMS concentrations
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were low.

A mean isoprene concentration of 25.7 ±14.7 pmol L−1 was measured along the en-
tire transit with a range of 1.9 to 156.8 pmol L−1. Slightly elevated isoprene concentra-
tions were measured at the beginning of the transit (35°N – 46°N). Isoprene peaked in
the region of the first bloom (B1, ∼19°N). However, the DMS and isoprene peaks were
not collocated. Enhanced isoprene concentrations were also measured south of 12°S, as
were DMS (Fig. 4.2). Isoprene concentrations measured in this study are in the range
of previous studies: Baker et al., (2000) measured sea surface isoprene concentrations
between 21 and 43 pmol L−1 in the eastern North Atlantic Ocean west of the coast of
Ireland; Broadgate et al., (1997) determined isoprene concentrations between 0.1 and
100 pmol L−1 in the North Sea; Milne et al., (1995) measured isoprene concentrations
between 9.8 and 50.8 pmol L−1 (Milne et al., 1995).

Several previous studies found correlations between isoprene and chlorophyll or detected
isoprene maxima at a similar depth as the chlorophyll fluorescence maxima (Bonsang et
al., 1992, Milne et al., 1995, Broadgate et al., 1997, Baker et al., 2000, Moore and Wang
2006). Here we used MODIS satellite Chl-a data to identify correlations with isoprene
because of the higher resolution compared to the in-situ Chl-a data. Between the equa-
tor and 10°N, as well as between the equator and 3°S, correlations between isoprene and
Chl-a were found (R2 = 0.76, p-value 0.01, n=819, R2 = 0.56, p-value 0.01, n=242, re-
spectively). However, in most of the regions, the isoprene concentration was independent
of the Chl-a distribution pattern. Thus, Chl-a could not be used as a general indicator for
both isoprene and DMS distributions along the transit.

4.4.2 Factors in�uencing DMS and isoprene: regional

clustering

Despite the fact that both isoprene and DMS are mainly related to phytoplankton activ-
ities (Baker et al., 2000), no significant relationship between DMS and isoprene could
be observed when the entire transit was considered (Fig. 4.3). Nonetheless, Figure 4.3
shows hints that the compounds might be related in specific regions. Thus, we examined
the transit for correlations between DMS and isoprene to extract such specific regions.
14 positive and 9 negative correlations with an explained variance (R2) between 0.62 and
0.95 could be found in 23 regions, also referred to as clusters (Fig. 4.4 and Table 4.1).
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Tab. 4.1: List of regions with significant correlations between DMS and isoprene along the
north-south transit in the eastern Atlantic Ocean. R2 is the squared correlation coefficient. N
stands for number of data of each correlation. DMS and isoprene are given as regional means.

cluster latitude R2 DMS Isoprene N
[nmol L−1] [pmol L−1]

1 45 - 43.5°N -0.61 1.74 21.03 70
2 43.5 - 39 °N 0.86 1.52 27.26 271
3 38 - 37.5 °N 0.95 1.87 20.97 40
4 36 - 33.7 °N 0.80 1.49 24.05 185
5 29.85 - 24 °N 0.62 1.70 15.12 80
6 24 - 23.54 °N 0.68 1.66 12.20 48
7 23.54 - 22.5 °N -0.85 1.73 9.97 83
8 22.49 - 19.3 °N 0.81 2.01 29.24 108
9 18.8 - 16 °N -0.84 2.75 17.07 120

10 16 - 14 °N 0.72 3.07 17.92 112
11 2.5 - 1 °N 0.62 2.51 24.88 65
12 1 °N - 1°S -0.79 3.43 23.50 161
13 2 - 3 °S -0.63 2.66 15.09 89
14 5 - 5.5 °S 0.80 3.21 20.75 35
15 5.5 - 6 °S -0.46 2.63 17.61 110
16 6 - 7 °S -0.92 2.84 19.56 68
17 7.5 - 9.5 °S 0.64 3.02 16.82 140
18 9.5 - 13.5 °S 0.82 3.26 17.64 337
19 13.5 - 14 °S -0.69 4.86 29.34 45
20 14 - 15.5 °S 0.79 6.50 48.81 129
21 17 - 18 °S 0.72 7.15 25.38 86
22 24 - 25 °S 0.74 9.17 50.13 80
23 25.5 - 25.8 °S -0.71 12.58 45.91 30
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Fig. 4.3: Correlation between DMS and isoprene over the entire north-south transit in the eastern
Atlantic Ocean.
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Fig. 4.4: Locations of the clustered regions where DMS and isoprene concentrations correlated.
The three small panels show examples for correlations between DMS and isoprene from three
individual clusters. These three clusters are randomly chosen.
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4.4.2.1 Analysis within the individual clusters

MODIS data were used to identify the possible influence of phytoplankton, especially
coccolithophorids, on the relationship between DMS and isoprene within the different
regions. A significant positive correlation between Chl-a and DMS was only found in
one cluster (region 20, R2 = 0.43, Fig. 4.4). In four additional clusters (regions: 3 (R2 =
0.7); 7 (R2 = 0.69); 14 (R2 = 0.48); 15 (R2 = 0.68)) Chl-a and DMS were anti-correlated.
Furthermore, more anti-correlations (regions: 3 (R2 = 0.59); 8 (R2 = 0.62); 12 (R2 =
0.69)) were found for DMS and calcite than positive correlations (region 20 (R2 = 0.46)).
A positive relationship between DMS, Chl-a and calcite could be determined only in
cluster 20. However, isoprene was not affected in this region by Chl-a and calcite. One
anti-correlation (region 3 (R2 = 0.59)) and two positive correlations (regions: 7 (R2 =
0.83); 13 (R2 = 0.77) between isoprene and Chl-a were detected. Between isoprene and
calcite, two regions with positive correlations (regions: 10 (R2 = 0.43); 12 (R2 = 0.71))
and two regions with negative correlations (regions: 3 (R2 = 0.9); 8 (R2 = 0.94)) were
identified. Only in cluster 3 do Chl-a and calcite appear to have an influence on both the
DMS and isoprene concentrations, however, the pigments were anti-correlated with both
compounds. For all presented correlations a p-value of 0.01 applied.

MODIS satellite data could not clearly elucidate the influence of phytoplankton on DMS
and isoprene distribution patterns. Several laboratory studies have shown that a wide
range of algae groups can produce isoprene (Moore et al., 1994, Milne et al., 1995,
McKay et al., 1996, Shaw et al., 2003, Colomb et al., 2008, Bonsang et al., 2010).
Therefore, correlations determined between isoprene and Chl-a in different oceanic re-
gions are in agreement with findings of this study (Milne et al., 1995, Broadgate et al.,
1997, Shaw et al., 2010). However, the variability of correlations described in this study
may reflect the heterogeneous distribution and activity of DMS and isoprene producers
along the transit. Bonsang et al., (2010), McKay et al., (1996) and Shaw et al., (2003)
observed in culture experiments that isoprene production by phytoplankton was depen-
dent on phytoplankton functional types, solar radiation intensity, the stage of the lifecycle
and the temperature. Thus, the isoprene concentration in surface seawater was not only
effected by the general occurrence of phytoplankton but by a more complex interaction
between phytoplankton composition and environmental conditions.

Elevated isoprene concentration in surface seawater might be also caused by an enhanced
release of intracellular isoprene into the water column due to grazed algae. A decrease
of Chl-a concentration might indicate a dying phytoplankton bloom. This phenomenon
was observed for DMSP (Leck et al., 1990) and might be an explanation for the anti-
correlation found between Chl-a or calcite with isoprene.

It is well established that DMS concentration is mainly dependent on the abundance and
interplay of specialized algae species and bacteria groups. DMS, therefore, is known to
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have a complicated relationship with Chl-a (Kiene et al., 2000, Simó 2004, Stefels et
al., 2007), which is reflected in the different positive and negative correlations between
Chl-a, calcite and DMS found in this study. The positive correlations found between
isoprene and DMS might refer to a common source of both compounds, namely certain
phytoplankton groups. Indeed, dinoflagellates and coccolithophorides were identified as
important producers of both isoprene and DMSP, and therefore, indirectly DMS (Keller
et al., 1989, Steinke et al., 2002, Shaw et al., 2003, Bonsang et al., 2010). The variability
of the distribution of these algae taxa might explain both the positive correlations between
DMS and isoprene in certain regions and also the absence of any relationships between
DMS and isoprene in other regions along the transit.

However, there is only little evidence that DMS is directly produced by phytoplankton,
thus, others common direct sources should exist for both isoprene and DMS. Kuzma et
al., (1995) showed isoprene production of a wide range of terrestrial bacteria ubiquitously
distributed. Some of them could even produce isoprene and DMS concurrently. Although,
marine microbial production of isoprene has not been reported, to our knowledge, it is
most likely that marine microbes have the ability to produce isoprene in the manner of
terrestrial species. The production of DMS by ubiquitous marine microbes was reviewed
by Yoch (2002). It might be possible that some of these DMS producing bacteria can also
produce isoprene, as in the case for terrestrial species. Thus, microbial activities could be
another explanation for positive correlations found between DMS and isoprene.

Although isoprene production due to bacteria is not reported, Alvarez et al., (2009) ob-
served consumption of isoprene in marine microbial communities. Some of these taxa are
associated with phytoplankton blooms. They observed in nearly all of the tested groups
(ubiquitous marine taxa) the ability to dissimilate isoprene under concentrations typically
found in the ocean. It might be possible that isoprene consuming microbes are also able to
consume DMSP and produce DMS which might explain the negative correlations found
along the transit. Indeed, the DMS producing bacteria strain Sulfitobacter (Curson et al.,
2008) of the group Alphaproteobacteria was also found in the isoprene-degrading bacte-
ria community investigated by Alvarez et al., (2009). However, it has to be directly tested
if Sulfitobacter and other DMS producing bacteria can also consume or produce isoprene.

4.4.2.2 Comparison of cluster regions

Changes in the abundance of dinoflagellates in the different clusters followed roughly the
changes of isoprene concentrations (Fig. 4.5). In contrast, the changes in DMS concen-
trations were not dependent on changes in dinoflagellate abundance. However, DMSPp

seemed to be also influenced by dinoflagellates, like isoprene (R2 = 0.91, p-value 0.01,
Fig. 4.5). Dinoflagellates are known as both DMSP (Steinke et al., 2002) and isoprene
producers (see Shaw et al., (2010) and references therein) and might be a potential link
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between DMS and isoprene. This suggestion is supported especially by the similar pat-
tern of DMSPp and isoprene between the clusters 18 to 23 in the region of high biological
activity toward the southern end of the cruise track (Fig. 4.5). Cyanobacteria appeared to
have also a weak but significant influence on isoprene between the individual clusters (R2

= 0.26, p-value 0.1), but did not affect DMS or DMSP and showed a different distribution
pattern compared to dinoflagellates. The high abundance of cyanobacteria might explain
the occurrence of high isoprene and low DMS concentrations in some regions due to their
potential to produce isoprene (Milne et al., 1995, Shaw et al., 2003) but not DMSP and,
accordingly, DMS (Keller et al., 1989). However, some regions of high cyanobacteria
abundance were also regions with a positive correlation between DMS and isoprene. This
points to the possibility that cyanobacteria were not the main producers of isoprene in
these regions and that other sources existed (e.g. microbial activities). This is in line with
the hypothesis above, that the correlations between MODIS pigment data and the two
compounds may have a bacterial link.

We also analysed separately all clusters with positive correlations and negative correla-
tions between DMS and isoprene. When clusters with negative correlations showed high
isoprene concentrations they also had high abundance of several phytoplankton groups,
like diatoms, chrysophytes and cyanobacteria. This highlights that a broad range of phyto-
plankton groups can produce isoprene but not necessarily DMSP and, thus, DMS. Due to
insufficient data, the role of DMSP could not be evaluated for these clusters. In contrast,
clusters with positive correlations between DMS and isoprene showed no dependencies
of isoprene on the phytoplankton abundance. In this case, again, it is possible to invoke
the bacterial influence on the two compounds.

4.4.3 Factors in�uencing DMS and isoprene: N:P ratio

clustering

In order to investigate more specifically the influence of biology on the isoprene distri-
bution, the DMS, total DMSP (DMSPt, sum of DMSPp and DMSPd), and isoprene data
were reclustered by nutrient availability. The clusters were computed as the nitrogen (N)
to phosphate (P) ratio, where N is the sum of nitrate, nitrite and ammonia. We calcu-
lated the median DMS, DMSPt and isoprene concentrations over the entire transit for
bins of N:P ratios (e.g. the N:P ratio of 2 to 3 was allocated to a N:P bin of 2.5) according
to Zindler et al., (2012b). Afterwards we smoothed the data with a three point moving
average.

DMS peaked together with isoprene at a N:P ratio of 7.5 (Fig. 4.6). DMSPt showed
two concentration peaks (N:P ratio 6.5 and again at 11.5) whereby the bigger peak is
shifted toward lower N:P ratios compared to DMS and isoprene (Fig. 4.6). DMSPt was
mainly comprised of DMSPp while DMSPd was only a minor fraction of DMSPt pool.
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Fig. 4.5: Data of phytoplankton groups, isoprene and sulphur compounds averaged for each
cluster. Locations of the clusters are shown in Figure 4.4.



90 DMS and isoprene in the eastern Atlantic Ocean

The correlation between DMS and isoprene is stronger (R2 = 0.72, p-value 0.001, Fig.
4.7) over the entire N:P ratio range compared to the correlation between DMSPt and
isoprene (R2 = 0.59, p-value 0.01, Fig. 4.7). The correlations between DMS and iso-
prene in the low N:P ratio range up to 7.5 and between 7.5 and 19.5 N:P ratio are even
higher (R2 = 0.82 and 0.87, p-value 0.01, respectively, Fig. 4.7) which referred to similar
sources and/or sinks of both compounds especially in eutrophic regions. For the N:P ratio
range up to 7.5, DMSPt and isoprene showed also a significant correlation (R2 = 0.72,
p-value 0.05), however, in the N:P ratio range of >7.5 no correlation between DMSPt and
isoprene could be determined (Fig. 4.7). It seemed that isoprene and DMSPt were only
related in regions of low nitrogen availability. It is possible that isoprene and DMSPt have
similar sources in oligotrophic and mesotrophic regions, while in eutrophic regions their
sources were different or the production and degradation pathways of both compounds
were involved in a complex interplay between phytoplankton and bacteria. Several phy-
toplankton groups, such as dinoflagellates, haptophytes, chrysophytes and cyanobacteria,
showed also their highest abundance between a N:P ratio of 6.5 and 7.5 (Fig. 4.6). Except
for cyanobacteria, all algae groups are known as DMSP producers and were also observed
to produce isoprene (Keller et al., 1989, Shaw et al., 2010). Thus, it is possible that these
phytoplankton groups are a common source for both compounds. The close link between
DMS and isoprene in the low N:P ratio range could be explained via DMSPt due to its
potential to govern the DMS distribution. This assumption is supported by the correlation
between DMS and DMSPt in the region of low N:P ratio range up to 7.5 (R2 = 0.71, p-
value 0.05). Due to the decoupling of isoprene and DMSP in regions of high N:P ratios it
can be assumed that also bacteria might influence the isoprene concentration in eutrophic
regions.

4.4.4 The in�uence of hydrographic regimes on the

DMS:isoprene distribution in surface seawater

The distribution of the ratio of DMS to isoprene (DMS:isoprene) was investigated using
SSS and SST along the north-south transit (Fig. 4.8), in order to identify if hydrographic
regimes influenced the surface ocean concentrations of these compounds. The distribution
pattern of the ratio corresponds to the surface hydrographic regions of the eastern Atlantic
Ocean described by Stramma and Schott (1999) (Fig. 4.9). Relatively low DMS:isoprene,
around 0.05 nmol pmol−1 due to high isoprene concentrations (Fig. 4.10, a), were mea-
sured between 18°N and 45°N the region of the Canary Current and the eastern edge of
the subtropical gyre in the North Atlantic Ocean (Fig. 4.9, a). Higher ratios were mea-
sured (around 0.15 nmol pmol−1) when the Mauritanian upwelling was encountered at
20°N, indicated by a SSS of 37 and 23°C as well as elevated Chl-a (Fig. 4.2, lowest panel
(B1), Fig. 4.9, a). In this region, which is also the location of B1, the isoprene con-
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Fig. 4.6: Binned data of isoprene, sulphur compounds and phytoplankton groups for different
N:P ratios. Other pigments stand for: fucoxanthin (diatoms), 19’-butanoyloxyfucoxanthin
(chrysophytes), 19’-hexanoyloxyfucoxanthin (haptophytes) and zeaxanthin (cyanobacteria)
(corresponding phytoplankton groups to the pigments are given in parenthesis). Peridinin is the
characteristic marker pigment for dinoflagellates.
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Fig. 4.7: Correlations between isoprene and sulphur compounds using data from Figure 4.6. Top
panel: correlations for the entire N:P ratio range (DMSPt vs. isoprene: R2 = 0.59, p-value 0.01;
DMS vs. isoprene: R2 = 0.72, p-value 0.001) . Middle panel: correlations between isoprene and
DMS separated for low (R2 = 0.82, p-value 0.01) and high N:P ratio range (R2 = 0.87, p-value
0.01). Bottom panel: correlations between isoprene and DMSPt separated for low (R2 = 0.72,
p-value 0.05) and high N:P ratio range (R2 = 0.2).
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centration was decreasing compared to the region of the Canary Current while the DMS
concentration did not change, causing the relatively high ratio (Fig. 4.10, 4.11, b). Be-
tween 10°N and 18°N, in the upwelling of the Guinea Dome, elevated DMS:isoprene was
observed (around 0.2 nmol pmol−1, Fig. 4.9, b). The isoprene concentration was lower in
this region and the DMS concentration increased compared to the Canary Current region
(Fig. 4.10, 4.11, c). The ITCZ region, located between 2°N and 10°N in November 2008,
exhibited a uniform distribution pattern of intermediate ratios, around 0.15 nmol pmol−1

(Fig. 4.9, c). Around the equator (2°N to 2°S), a homogenous distribution pattern was
also observed, but with slightly lower ratios of about 0.12 nmol pmol−1 (Fig. 4.9, d). En-
hanced DMS:isoprene (0.15 to 0.25 nmol pmol−1) was measured when the Angola Gyre,
including the upwelling region of the Angola Dome, was encountered (2°S to 14°S) (Fig.
4.9, e). Isoprene decreased and DMS increased in the Angola Gyre compared to the
equatorial region (Fig. 4.11, 4.10, e). When passing the Angola-Benguela Front at about
14°S, the ratios decreased again (Fig. 4.9, f). This was caused by a stronger increase of
isoprene concentrations compared to DMS (Fig. 4.10, 4.11, f). DMS:isoprene increased
with decreasing temperature towards the coast of South Africa (Fig. 4.9, f), caused by an
increase of DMS. This region showed elevated Chl-a concentrations, which indicated the
development of a spring bloom (Fig. 4.1).

The distribution pattern of DMS:isoprene was well reflected by the hydrographic regions
of the eastern Atlantic Ocean. Elevated ratios were mainly observed in upwelling regions
of Mauritania and the Guinea and Angola Domes, as well as in the spring bloom at the
end of the transit. These regions, except for the Mauritanian upwelling, exhibited higher
DMS concentrations compared to regions of the Canary Current and around the ITCZ
and equator. In contrast, isoprene showed relatively high concentrations in the Canary
Current regime and in the region of the ITCZ and equator. In the region of the spring
bloom at the end of the cruise, both isoprene and DMS concentrations were elevated.
Two possibilities exist to explain this distribution pattern: sources and transport. It seems
that isoprene could be produced in both oligotrophic and highly productive hydrographic
regimes, whereas DMS was observed mostly in the highly productive regimes (i.e. ac-
tively upwelling areas). Indeed, a correlation between Chl-a and isoprene was found in
the region of the ITCZ and at the equator between 10°N and 3°S (see section 4.1). In these
regions no correlations were found between DMS and isoprene (Fig. 4.4). However, when
transport is taken into account, a slightly different pattern emerges.

Generally speaking, when the hydrographic regimes are scrutinized, it is possible to iden-
tify which water masses can be influenced by mixing and transport and which are more
isolated. The Canary Current, ITCZ, Equatorial upwelling, and the South African bloom
regions all can be influenced by lateral water mixing (Stramma and Schott 1999). The
upwelling regions in the Guinea Dome and in the Angola gyre seem to be isolated from
lateral mixing. The areas that are more isolated should reflect in-situ production, while
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Fig. 4.8: The distribution of DMS:isoprene shown in a T-S diagram of surface seawater
measurements in the eastern equatorial region. Note that the scale of the colorbar is limited on
0.3 nmol pmol−1 while the highest ratio was 1.8 nmol pmol−1.
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Fig. 4.9: The ratio of DMS and isoprene shown in a T-S diagram was separated into 6 different
hydrographic regions in the eastern Atlantic Ocean: Canary Current and the eastern edge of the
Subtropical Gyre (>18°N, a); Guinea Dome (10°N - 18°N, b); ITCZ (2°N – 10°N, c); Equatorial
upwelling (2°S – 2°N, d); Angola Gyre including the Angola Dome (2°S – 14°S, e) and the
region south of the Angola-Benguela Front (<14°S, f).
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Fig. 4.10: The distribution of sea surface isoprene concentrations shown in a T-S diagram
separated into 6 different hydrographic regions in the eastern Atlantic Ocean: Canary Current and
the eastern edge of the Subtropical Gyre (>18°N, a); Guinea Dome (10°N - 18°N, b); ITCZ (2°N
– 10°N, c); Equatorial upwelling (2°S – 2°N, d); Angola Gyre including the Angola Dome (2°S –
14°S, e) and the region south of the Angola-Benguela Front (<14°S, f). Note that the scale of the
colorbar is limited to 40 pmol L−1, highest isoprene concentration was 156.8 pmol L−1.
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Fig. 4.11: The distribution of sea surface DMS concentrations shown in a T-S diagram separated
into 6 different hydrographic regions in the eastern Atlantic Ocean: Canary Current and the
eastern edge of the Subtropical Gyre (>18°N, a); Guinea Dome (10°N - 18°N, b); ITCZ (2°N –
10°N, c); Equatorial upwelling (2°S – 2°N, d); Angola Gyre including the Angola Dome (2°S –
14°S, e) and the region south of the Angola-Benguela Front (<14°S, f). Note that the scale of the
colorbar is limited to 8 nmol L−1, highest isoprene concentration was 17.1 nmol L−1.
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the others can be influenced by both transport and in-situ sources. In addition, there is
some indication from the literature that isoprene is relatively (compared to DMS) long
lived in the water column (around 17 – 19 days, Palmer and Shaw (2005)), while DMS is
rapidly cycled (1-2 days, Vogt and Liss 2009). Therefore, DMS can be a tracer for in-situ
production. The regions in which DMS were high are the Guinea Dome upwelling, Equa-
torial upwelling, Angola Dome, Angola- Benguela Front, and the South African bloom
region. All of these regions showed either a slightly enhanced or very high level of iso-
prene as well, likely reflecting areas of in-situ production due to biological productivity.
There were two additional high Chl-a regions within the Canary Current area with high
isoprene, but low DMS values. These probably reflect in-situ isoprene production by bi-
otic species that did not produce DMSP. Hernandez-Guerra et al., (2001) observed an
upwelling filament from the African coast which extended over 200 km offshore reaching
the Gran Canary Islands. Such upwelling filaments might be responsible for both in-
situ production and transport of isoprene. The southward velocity of the Canary Current
(>20 cm s−1, Hernandez-Guerra et al., (2001)) might transport isoprene over a distance
of about 290 to 330 km when an isoprene lifetime of 17 to 19 days is assumed. Addition-
ally, the ITCZ region is influenced by both the coast and the more southern Equatorial
upwelling region. In these regions, DMS was low, potentially indicating both that iso-
prene was produced by the biota (mainly phytoplankton) but not DMS and that it might
be additionally transported there from higher productive regions. Thus, sources solely
for isoprene together with transport processes may control the isoprene distribution in the
eastern Atlantic Ocean.

4.5 Summary

In 23 regions which extended over two-thirds of the north-south transit, a relationship be-
tween isoprene and DMS could be detected. Additionally, a similar distribution pattern of
DMSP and isoprene along the entire transit could be observed. Dinoflagellates were iden-
tified as a potential source for both isoprene and DMSP. The clustering of isoprene and the
sulphur compounds dependent on the N:P ratios showed the similar distribution and the
common biological source for these chemical compounds. Especially in oligotrophic and
mesotrophic regions, with N:P of up to 7-8, isoprene and DMSP seemed to be produced
by similar algae groups, namely dinoflagellates, haptophytes and chrysophytes. However,
there are hints that in eutrophic regions different sources exist for isoprene and DMSP. In
contrast, a relationship between DMS and isoprene could be observed in oligotrophic to
eutrophic regions, which may reflect linkages due to bacterial processes along the entire
north-south transit. The role of bacteria is speculative and needs to be further investigated.
Tools such as flow cytometry and DNA analysis should be regularly deployed on future
transits to gain a better understanding of the influence of bacteria.



The distribution pattern of DMS:isoprene reflected the hydrographic regions of the eastern
Atlantic Ocean. Elevated DMS concentrations were detected in upwelling areas, while
isoprene showed enhanced concentrations in oligotrophic to mesotrophic regions, like
the region of the Canary Current, ITCZ and equator. Correlations between isoprene and
Chl-a in the ITCZ and equatorial region indicated sources solely for isoprene. However,
transport processes of isoprene might be an additional control on the isoprene surface
seawater distribution in the eastern Atlantic Ocean. Nonetheless, both compounds had
highest concentrations in the spring bloom near the South African coast, likely reflecting
the overwhelming influence of biological productivity on the concentrations of both trace
gases.

Although a link between isoprene and sulfur compounds could be found, it remains to be
seen if this relationship is based only on the same source organisms or actually on a link-
age between the physiological production pathways of both compounds in algae cells. In
addition, to better understand the biogeochemical cycle of isoprene in the surface ocean,
higher resolution ancillary data (e.g. plankton and bacteria composition and activity, nu-
trients) are necessary. Moreover, the investigation of the diurnal and seasonal cycle on
isoprene concentrations in different biogeochemical provinces is fundamental to under-
standing the dynamics of the distribution of isoprene and the impact of marine isoprene
on chemical processes in the remote marine atmosphere.
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5 Marine sources and sinks of

acetaldehyde and acetone

5.1 Material and Method

5.1.1 Development of an analytical system for measurements

of OVOCs in seawater

A widely used system to analyse trace gases is a gas chromatograph coupled to a mass
spectrometer (GC-MS). To date, only a few studies have reported measurements of OVOCs
in seawater, resulting in a lack of knowledge about viable analytical systems. Therefore, a
development phase of trial and error was necessary to perform accurate and reproducible
measurements of OVOCs. Concentrations of OVOCs in seawater are in the nmol L−1

range. Thus, a pre-concentration of these compounds was essential prior to analysis. This
could be achieved by developing a purge-and-trap-system, that was attached to the GC-
MS (GC: Agilent Technologies, 7890A; MS: Agilent Technologies, 5975C MS, single
quadrupole, Fig. 5.1).

5.1.2 Purge and Trap

OVOCs were expelled from the water sample by a helium gas stream flowing at 30
ml min−1 for 20 min. The water sample was housed in a gas tight purge unit through
which the helium flowed (Fig. 5.1). The stripped OVOCs were transferred, through
heated tubing, into a pre-concentration trap that was downstream from the purge unit.
The best trapping efficiency was achieved with a U shaped 1/16 inch Sulfinert® stainless
steel tubing which was submerged in liquid nitrogen (LN2).

Several pre-concentration traps were tested and rejected: 1/8 inch stainless steel U shaped
trap filled with glass beads; 1/8 inch stainless steel U shaped trap filled with Tenax® TA
(mesh 60/80, Alltech); unfilled 1/8 inch stainless steel U shaped trap; unfilled fused silica
capillary tubing (untreated, 0.53 mm i. d.). Different cold trapping methods were also
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Fig. 5.1: Schematic of the purge and trap system attached to the GC-MS for analysis of OVOCs
in seawater samples.

tested: salty ice-water to about -13°C; ethylene glycol to approximately -30°C; liquid ni-
trogen to about -196°C. Additionally, we also tested the use of a second pre-concentration
trap that consisted of an untreated capillary column which was also submerged in LN2 in
front of the injection port of the GC. This second trap was in line with the first trap and
should have helped to refocus the sampling gas after the OVOCs were desorbed of the
first trap, resulting in better separation on the GC column. However, the trap extended the
time of analysis and did not improve the separation in the GC-column.

5.1.3 Water traps

To avoid blockages in the system or the overload of the GC column and mass spectrom-
eter with water, it was necessary to dry the sampling gas stream. Additionally, OVOCs
are very soluble in water, thus, they can easily dissolve in small amounts of water trapped
in the system. The water trap giving the best results was a short (5 cm length, 0.5 cm i.
d.) glass tube filled with potassium carbonate (K2CO3), which needed to be replaced after
four measurements. Prior to use, the trap had to be flushed with helium for several hours
to remove any OVOC contamination. The best measurement reproducibility was achieved
for ketones and aldehydes when the water trap was flushed with helium at 40 ml min−1

for additional 10 min after the sample was purged. This flushing gas stream was also
trapped and analysed together with the sample. Despite the high capacity of K2CO3 to
absorb water, small amounts of water remained in the analytical system, which interfered
especially with the alcohols. Thus, the reproducibility of the alcohol measurements was
never satisfactory and additional tests in the future are necessary to measure alcohols in
seawater.
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Several water traps were tested and rejected: mole sieve (3Å 0.3 mm, Typ 564, Roth);
magnesium perchlorate; freezing and trapping the water in a U shaped stainless steel
tubing (unfilled) submerged in glycol cooled to -30°C with a cooling device (Thermo-
Haake EK 90). Furthermore, a pre-column packed with Porapak p 80/100 was used to
elute first water from the sampling gas stream while the OVOCs were retained longer on
the column. However, the water could not be fully desorbed from the packing material in
the pre-column, thus, the column became irreversibly blocked after several measurements
and discarded from the system.

5.1.4 GC-MS

The sampling gas in the pre-concentration LN2 trap was injected on the GC-column (fused
silica capillary column Supel-QTM Plot, 30 m x 0.32 mm) using boiling water. The GC-
column was heated by an oven program of:

Heating [°C min−1] Oven temperature [°C] Hold for [min]
40 8

5 80 1
5 120 5

100 200 2

This heating program separated the lower molecular weight and highly volatile com-
pounds, such as methanol, acetaldehyde and ethanol, from the higher molecular weight
compounds, propanal, acetone, DMS, isoprene, isopropanol and propanol. The highest
molecular weight compounds, such as butanal, butanone, 1- and 2-butanol, emerged at
the end of the chromatogram (Fig.5.2, see also Table 5.3 for the structural formula of the
OVOCs). At the end of the column the OVOCs were directly injected into the ion source
of the MS. The OVOCs were ionised using electron impact and were mass filtered in a
single quadrupole mass spectrometer coupled to an electron multiplier detector. An ex-
ample spectrum is shown in Figure 5.2.

After each measurement, the remaining water vapor in the tubing system of the purge
and trap unit was driven off by increasing the heating level on the heater tape which was
wrapped around the tubing and valves and flushing for 10 minutes with helium. The
analytical procedure for one sample required about 50 to 60 minutes, due to the long
flushing time of the system and the long separation time of the OVOCs in the column: 30
minutes for pre-concentration and 30 minutes for the oven program.
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Fig. 5.2: Example of a chromatogram of OVOC, DMS and isoprene. Note that the peak of DMS
is interfered with the acetone peak.

5.1.5 Treatment of samples

Samples had to be measured immediately after sampling because of the instability of the
OVOCs due to loss via (suspected) biological activity or loss to the headspace. We tested
the stability of the samples by flash freezing multiple liquid standards of the same con-
centration in LN2 and storing them at -20°C for different time periods, between a few
hours and one day. The concentrations in the standards strongly varied, indicating stor-
age of samples was not possible. Thus, samples were measured within 30 minutes after
sampling.

Filtration of samples was tested in order to avoid breaking of phytoplankton cells during
the purge which could release OVOCs. We filtered the samples through GF/F Whatman
filters (0.7 µm). However, no significant differences between filtered or non-filtered sam-
ples could be determined. Thus, filtration was not routinely performed before purge and
trap.

Loss and contamination of OVOCs in water samples due to the contact with air was also
tested. Certain OVOCs, such as methanol and acetone, are present in large quantities in
ambient air. Liquid standards were exposed to the air between 30 minuntes and several
hours and were analysed afterwards. No significant differences could be found between
exposed standards and closed standards. Nonetheless, gas tight syringes were used to
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avoid contact of samples to the air during sampling. However, during the transfer of sam-
ples into the purge unit the samples were always in contact with the air for a short period
of time. In addition, due to gentle handling of the samples, the loss to the atmosphere was
negligible.

5.1.6 Protocol of the purge and trap procedure

Due to the high solubility of OVOCs, especially of the alcohols, it was impossible to
completely expel all compounds from the water sample. Thus, a measurement procedure
was established to precisely control the amount of molecules which were expelled out of
the water samples during a certain period of time:

• the same amount of water sample (10 ml) was always used

• the water sample was heated to 30°C during the purge

• the transfer tubing was heated to 60°C using heater tape

• all samples were purged for 20 minutes with a helium flow of 30 ml min−1

• after each purge period, the system was flushed without water in the purge unit for
an additional 10 minutes with a helium flow of 40 ml min−1 whereby the OVOCs
remaining in the water trap and tubing were also trapped

• after the injection of the OVOCs onto the GC-column the entire purge and trap
system was flushed for additional 10 minutes with a helium stream of 70 ml min−1

and while heating to 90°C in order to dry the system and release any remaining
OVOCs

Although, this measurement procedure improved the reproducibility it was sensitive to
mistakes in handling.

5.1.7 Blanks

Contamination with OVOCs was always a risk during the measurements. OVOCs were
present in the Milli Q water used to make standards, also after several days of purging.
They were detected in the K2CO3 used for drying the air stream and they were measured in
the analysis system even when Milli Q water and K2CO3 were excluded. The contamina-
tion of the system was probably caused by to atmospheric air enriched with OVOCs which
entered the system. It might be also possible that water droplets were always present in
the system, thus, OVOCs were always in solution inside the tubes. OVOCs are ubiqui-
tous in the atmosphere and are also widely used as solvents in laboratories. Furthermore,
OVOCs from previous measurements might accumulate in the system. To keep the blank
levels low, Milli Q water and K2CO3 were purged and flushed for several hours prior their
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Tab. 5.1: Standard preparation for the OVOC measurements. DMS standard was prepared as
described in Zindler et al. (2012) and were directly injected into the third OVOC standard. Note
that the last column presents the final concentration of the OVOC standard.

Standard 1 Standard 2
20 ml Milli Q mixed with: 10 ml Milli Q mixed with:

[µl] [µl] [ nmol L−1]
Methanol 8 Standard 1 10
Ethanol 12

Isopropanol 15 Standard 3
Propanol 15 10 ml Milli Q mixed with:
Propanal 15 Standard 2 10 10
1-Butanol 18 30 30
2-Butanol 18 50 50
Butanal 18 80 80
Acetone 15 100 100

Acetaldehyde 12
Isoprene 2 DMS-Standard 5 2.5

7 3.5
10 5
15 7.5
20 10

use, the system was periodically flushed and the GC-column was frequently baked out
for several hours. Additionally, the MS was tuned periodically. Blanks were measured
frequently before and after each calibration and before and after the change of the water
traps. Due to this control of the blanks, they had only a minor influence on the variation
of the measurements and can be neglected in the error propagation.

5.1.8 Standard preparation

Three dilution steps were included to prepare standards in the 10 to 100 nmol L−1 range.
In order to prepare the first standard, pure liquid OVOCs were directly injected with a
micro-liter syringe into 18 MΩ Milli Q water. The second standard was prepared by
dilution of the first standard in Milli Q water. The second standard was directly injected
into Milli Q water (third standard) which was either immediately measured or prepared
beforehand and measured over the course of the day. The exact compositions of the three
standards are presented in Table 5.1.
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While the first standard was stable for two to three days, the concentration of the second
and third standard changed with time. Thus, a fresh preparation of the second standard
was necessary every day as well as a fresh preparation of the third standard right before
analysis.

The standards were used to frequently calibrate the measurement device. The peak areas
(pa) which were calculated from the chromatograms were plotted against the concentra-
tions of the OVOC-standards. The fitted regression lines and their explained variances
(R2) showed the precision of the measurements and the errors of the analysis (the actual
errors are presented in section 5.1.10 and 5.1.11). The linear fit with the closest time
proximity to the individual experiments were used to compute the measured seawater
concentrations.

5.1.9 Stability of the measurement device over time

Five point calibrations were performed to test the stability and the reproducibility of the
analytical system. Calibrations were frequently repeated during the performance of in-
cubation experiments in the Kiel Fjord and during the research cruise onboard the R/V
Maria S. Merian leg 18/3 (MSM 18/3) (see section 5.1.12 for a detailed description of the
experiments).

5.1.10 Acetaldehyde

Figure 5.3 shows an overview of all acetaldehyde calibrations performed before the start
of the incubation experiments. Figure 5.4 shows all calibrations for acetaldehyde during
the experiments in the Kiel Fjord and Figure 5.5 shows those during the MSM 18/3 ex-
periments.

The slopes of all calibrations were between 936 and 1635 pa nmol−1 L (except for the 20th

December 2010). The R2 of the regression lines ranged between 0.88 and 0.998 except
for the calibrations of the 20th December 2011. Although, certain calibrations showed
different slopes and had a low R2, the analytical system showed good reproducibility,
with an average variation of 21% for acetaldehyde (see Table 5.2). The average variations
were determined by calculating each standard deviation of all standards of a certain con-
centration, calculating the percentage of the standard deviation and averaging them. The
averages of each concentration were averaged again to obtain an overall variation value
(average of column 7, Table 5.2).
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Fig. 5.3: Five point calibrations of acetaldehyde 12C (liquid standards) during the test phase of
the OVOC system prior the experimental phase between 14th of December 2010 until 24th

February 2011.

During the experiments in the Kiel Fjord the slopes of the calibrations were lower, be-
tween 719 and 1048 pa nmol−1 L for 12C-acetaldehyde, compared to the calibrations be-
fore the experimental phase. For the calibrations with 13C-acetaldehyde the slopes were
even lower, between 323 and 589 pa nmol−1 L, compared to 12C. The R2 for both 12C and
13C compounds ranged mainly between 0.86 and 0.99. The average standard deviation
for 12C compounds was 26.8% and for 13C compounds was 16.5%.

The slope of the calibrations during the MSM 18/3 cruise were significantly higher, be-
tween 5411 and 32769 pa nmol−1 L for 12C-acetaldehyde and 6745 and 24779 pa nmol−1

L for 13C-acetaldehyde, in contrast to the Kiel experiments and the calibrations before.
It seems that the sensitivity of the analytical system improved during the ship campaign.
However, the average variations for 12C and 13C were high, 76.6% and 38.5%, respec-
tively. Note that these variations were obtained by including all measured standards.
Thus, data have to excluded which can be explain by mistakes occurred during the mea-
surements.
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Fig. 5.4: Five point calibrations of acetaldehyde (12C-upper panel, 13C-lower panel) during the
experimental phase in the Kiel Fjord between 11th March until 19th April 2011.
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Fig. 5.5: Five point calibrations of acetaldehyde (12C-upper panel, 13C-lower panel) during MSM
18/3 cruise between 24th June until 15th July 2011.
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5.1.11 Acetone

15 five point calibrations of acetone measured before the experimental phase are pre-
sented in Figure 5.6. Figure 5.7 shows all calibrations performed during the experiments
in the Kiel Fjord and Figure 5.8 presents all calibrations from the MSM 18/3 experiments.

Fig. 5.6: Five point calibrations of 12C-acetone standards during the test phase of the OVOC
measurement device prior the start of the experiments.

Ten calibrations out of 15 had similar slopes between 3117 and 5687 pa nmol−1 L as
well as a R2 of 0.94 to 0.99. However, the analysis of acetone is less reproducible than
acetaldehyde and needs improvement of the measurement procedure. Acetone is more
soluble than acetaldehyde and is used as a solvent in laboratories. This might affect the
reproducibility of the measurements. Although the errors for acetone were high, it was
possible to obtain results which gave a first impression of the cycling of acetone in a
natural environment. The average variation of acetone was 22% which is similar to the
calibrations with acetaldehyde.

As in the case of acetaldehyde, the slopes of the calibrations for acetone during the Kiel
experiments were also lower (1779 to 2777 pa nmol−1 L) than those prior to the ex-
periments. This showed that the sensitivity of the analytical system decreased for all
compounds with time. However, calibrations were conducted before and after each ex-
periment. Additionally, single standards were measured during the experiments. Thus,
the variation of the system was considered during the data analysis of the experiments,
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Fig. 5.7: Five point calibrations of acetone (12C-upper panel, 13C-lower panel) during the
experimental phase in the Kiel Fjord.
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namely by using the single point calibration during the experiment to identify the appro-
priate calibration (either before or after the experiment) for concentration computations.
The slopes for 13C-acetone were similar to those for 12C compounds. The R2 for 12C
ranged mainly between 0.55 and 0.99 and for 13C between 0.98 and 0.99. The average
variations for 12C and for 13C were 45.2% and 22.2%, respectively.

Fig. 5.8: Five point calibrations of acetone (12C-upper panel, 13C-lower panel) during the MSM
18/3 cruise in the eastern tropical Atlantic.

Also as in the case for acetaldehyde, the sensitivity of the analytical system increased for
acetone during the research cruise compared to measurements before. The slopes for 12C
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ranged between 9482 and 28471 pa nmol−1 L and for 13C between 7296 and 31108 pa
nmol−1 L. However, the variations in the slopes were higher and illustrated the reduced
reproducibility of the measurements. This was also observed in the average variations:
136.6% for 12C and 141.7% for 13C. Highly frequent repetitions of the calibrations were
necessary to resolve the precision of the measurements. All calibrations performed for
acetaldehyde and acetone during the analytical phase prior and during the experiments
are listed in Table 5.2. The variation of the analytical system increased with the progres-
sion of the experiments and the amount of measurements. It is possible that the precision
and the sensitivity of the analytical system changed with time due to possible contam-
ination of the GC-MS from the injection of large numbers of seawater samples as well
as the dismantling, transport and reconstruction of the analytical device. Notably, the
calibrations with 13C compounds showed fewer variations compared to 12C compounds
for both acetaldehyde and acetone, likely reflecting ambient air contamination for the 12C
compounds.

The errors given in percentage (Table 5.2) were calculated by including all conducted
calibrations. For individual concentration measurements, the error was computed based
on the error of the slope of the calibration conducted right before or after the experiments
and a formula which included the average error of all calibration slopes. The relative error
was always less than 12%. This number is less than the error of the standards presented
in Table 5.2. The reported uncertainties are from the error of the calibration curve slopes.

In all experiments, the chemical compounds listed in Table 5.3 were measured. However,
only acetaldehyde and acetone had sufficient reproducibility and will, therefore, be the
only compounds presented in remainder of this chapter.

5.1.12 Incubation experiments

Incubation experiments were conducted in the Kiel Fjord in the Western Baltic Sea, Ger-
many, and during the MSM 18/3 research cruise in the equatorial upwelling of the eastern
Atlantic Ocean. The experiments in the Baltic Sea (EB) were repeated four times between
the 2nd of March and 21st of April 2011. The experiments in the equatorial Atlantic (EA)
were repeated six times between the 25th of June and 16th of July 2011.

Samples from the Kiel Fjord were collected from the surface water layer at the institute
pier. In the Atlantic Ocean, water samples were collected from 10 m depth or in the
water layer of maximum fluorescence of phytoplankton pigment at approximately 25 m
depth by using Niskin bottles attached to a CTD (conductivity, temperature, depth sensor)
rosette. Samples were taken outside and within the most intensive upwelling (Fig. 5.9).
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Tab. 5.2: All calibrations before the experimental phases, during the experiments in the Baltic
Sea and in equatorial Atlantic. Standard deviation of the peak areas and the percentage of the
standard deviations are given for both acetaldehyde and acetone for 12C and 13C.

Standard standard %standard
number of conc. peak area deviation deviation

OVOC Calibration standards [nmol L−1] (average) (average) (average)
Acet- before the 11 10 23242.7 2695.0 11.6
alde- experiments 34 30 40554.2 4732.0 11.7
hyde 12C 16 50 69691.1 8897.4 12.8

4 60 95559.3 9292.0 9.7
10 80 109708.2 15329.0 14.0
14 100 139043.2 26304.5 18.9
4 120 135528.3 53931.8 39.8
18 250 463232.3 144636.4 31.2
13 500 543798.9 211482.3 38.9

Kiel 7 10 18917.7 10403.2 55.0
experiments 6 30 41155.8 10990.2 26.7

12C 12 50 51627.8 7036.6 13.6
7 80 84383.2 15882.7 18.8
7 100 97361.3 19530.6 20.1

MSM 18/3 6 10 285976.8 241673.9 84.5
12C 14 30 725228.3 611348.0 84.3

9 50 1086687.5 1037665.2 95.5
9 80 1570232.5 1044827.2 66.5
12 100 1727476.9 897512.2 52.0

Kiel 5 10 4157.6 732.4 17.6
experiments 5 30 16475.8 3029.9 18.4

13C 7 50 25260.4 2711.2 10.7
5 80 39991.0 8047.0 20.1
8 100 48624.0 7719.5 15.9

MSM 18/3 4 10 111344.0 7778.5 7.0
13C 14 30 433811.0 217975.1 50.2

9 50 711497.4 343097.0 48.2
5 80 1157221.6 664213.1 57.4
13 100 1723461.6 510605.8 29.6

Ace- before the 12 10 203656.6 76767.9 37.7
tone experiments 2 15 277534.5 34391.6 12.4

12C 34 30 250180.0 88499.0 35.4
17 50 301263.9 46691.5 15.5
4 60 441715.3 95479.6 21.6
7 80 424877.4 57616.8 13.6
11 100 579741.6 115168.4 19.9
4 120 560565.8 75316.8 13.4
13 250 1646222.2 291276.5 17.7
11 500 2249949.2 745393.3 33.1

Kiel 7 10 159953.0 176613.0 110.4
experiments 5 30 234906.8 101753.5 43.3

12C 12 50 236748.8 45912.0 19.4
7 80 273561.4 64313.7 23.5
8 100 358223.0 105597.2 29.5

MSM 18/3 6 10 4557095.8 5696573.4 125.0
12C 13 30 6197974.0 8940640.1 144.3

10 50 6313105.3 11155882.7 176.7
9 80 8917242.0 9680127.7 108.6
13 100 5749888.6 7397417.9 128.7

Kiel 6 10 25979.5 9535.8 36.7
experiments 5 30 89801.8 11246.1 12.5

13C 11 50 129604.0 20535.6 15.8
7 80 180398.3 42829.5 23.7
7 100 252315.7 55720.6 22.1

MSM 18/3 6 10 553553.8 787327.2 142.2
13C 13 30 808523.6 1263140.3 156.2

9 50 1489610.0 2083263.9 139.9
7 80 3033765.8 4162653.3 137.2
12 100 2971037.2 3951039.2 133.0
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Fig. 5.9: Cruise track (black, dashed line) and CTD stations (red stars) of the MSM 18/3 cruise in
the equatorial east Atlantic Ocean. Note that the colorbar shows chlorophyll a concentrations in a
logarithmic scale. Red circles present the locations of samples taken for the incubation
experiments. The cruise started from the Cape Verde Islands and ended in Libreville, Gabon.
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5.1.13 Protocol of the incubation experiments

About 8 L water were sampled for the incubation experiments. Around 4 L of the sampled
waters were filtered through 0.2 µm cellulose acetate filters, and during the experiments
in the Atlantic, samples were additionally autoclaved (30 min at 100°C) in order to limit
all biological activity. The filtered samples were used to perform the so-called chem-
istry treatments and were stored in the dark over night before beginning the incubation
experiment. The other half of the sampled water was kept untreated and was used for
the so-called biology treatment. The biology incubations were started immediately af-
ter sampling. The experiments were run with four different treatments: biology samples
exposed to light (BL) and biology samples kept in the dark (BD), chemistry samples ex-
posed to light (CL) and chemistry samples kept in the dark (CD). We incubated approxi-
mately 2 L of each treatment in quartz (light treatments) and borosilicate (dark treatments,
wrapped with aluminium foil) bottles sealed with a silicon septum for taking subsamples
(approximately every 3 hours during the incubation runs) using gastight syringes. We
used artificial isotopes to determine the absolute loss rates because they are not produced
in seawater in such large quantities. Additionally, the seawater samples contained natural
12C OVOCs (for an overview of the structural formula see Table 5.3), which were used to
determine the combined production and destruction processes over time. We expect that
artificial and natural OVOCs are consumed or degraded equally. Thus, all treatments were
spiked with artificial 13C labelled acetone (13CH13

3 CO13CH3), acetaldehyde (13CH13
3 COH),

ethanol (13CH13
3 CH2OH), methanol (13CH3OH) and 1-propanol (13CH3CH2CH2OH) to a

concentration of around 100 nmol L−1.

After the preparation of the samples, the incubation bottles were fixed in the water at
around 1m depth at the GEOMAR institute pier by using ropes. Therefore, these samples
were exposed to natural temperature and light conditions. The experiments were con-
ducted for approximately 12 hours during the EB, starting right before sunrise to include
the entire light effect of the day. During the MSM 18/3 cruise, the experiment bottles were
kept in incubation bins which were flushed continuously with surface seawater pumped
into the bins. The bins were wrapped with coloured foil which diminished the sun light
in the bins and simulated the light intensity in around 10 m depth in tropical open ocean
waters. The experiments were conducted for around 24 hours.

The incubation experiments were conducted with four different treatments in order to test
the influence of several combinations of environmental factors on the OVOC production
and loss in the surface ocean. The effect of photosynthesis and other light induced activ-
ities in phytoplankton and in bacteria cells were investigated in the illuminated biology
(BL) treatments. The dark treatments of the biology samples (BD) were used to study
especially the behavior of phytoplankton when photosynthesis is inactive as well as the
activities of bacteria which are independent of light. All biology treatments also contain
the effects of chemical reactions which can alter the OVOC concentrations. In order to
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investigate abiotic (i.e. chemical) sources and sinks of OVOCs, the biology activity was
minimized in the samples by filtration and autoclaving. However, bacteria which were
smaller than 0.2 µm could pass through the filters and thus may have influenced the chem-
istry samples (unless the samples were autoclaved). Photochemistry is hypothesized as a
main source for OVOCs. Thus, one of the chemical treatments was exposed to light (CL)
to investigate if the photochemical or photosensitized degradation of macromolecules like
CDOM has an effect on the OVOC cycling. In order to distinguish the difference between
light induced chemical reactions and those not requiring light, a chemical treatment was
kept in the dark (CD). Based on the current literature the hypothesis of the main source of
OVOCs in the oceans is the photochemical degradation of CDOM while the main sink is
the consumption due to the biota. The design of the experiments should help to prove or
reject this hypothesis.

In order to calculate the absolute production rates the loss rate could be calculated by
multiplying an assumed constant k with the initial concentration of 13C isotopes (Eq.
5.1). This constant was a parameter describing the loss rate. The same k was assumed for
the loss rate of 12C (ma, Eq. 5.2). The 12C loss rate could be theoretically calculated the
same way like the 13C loss rate.

mC13 = k ∗ nC13 (5.1)

ma = k ∗ nC12 (5.2)

The term mC13 [nmol L−1 min−1] is the slope calculated from the change of the 13C la-
belled OVOC concentrations over time of one experimental run. The intercept of the same
run is termed as nC13 [nmol L−1]. ma [nmol L−1 min−1] is the slope of the destruction
rate of 12C-OVOCs and nC12 [nmol L−1] is the intercept of the slope determined via the
change of the 12C-OVOC concentrations in each run. We assumed that the constant k
was equal for both equations. Thus, k could be excluded and ma could be calculated as
described in Eq. 5.3. The absolute production rate could be calculated by subtracting the
slope of the destruction rate of 12C-OVOCs from the slope calculated from the change of
the natural 12C-OVOCs (Eq. 5.4).

ma =
mC13 ∗ nC12

nC13
(5.3)

production rate = mC12−ma (5.4)

We assume that the initial OVOC concentrations of the incubations influence the slope
of the destruction rates according to first order reaction kinetics. For example, a high
concentration of substrates eases the uptake for the biota. The initial concentrations of
13C-OVOCs varied for each experiment. With the Eq. 5.4 we could include this variation.
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Tab. 5.3: Structural formula of natural 12C-OVOCs, DMS and isoprene as well as artificial
13C-OVOCs measured during the incubation experiments.

Name 12C-OVOCs 13C-OVOCs
(structural formula) (molecular formula)

Acetaldehyde

O

13CH13
3 COH

Acetone

O

13CH13
3 CO13CH3

Propanal

O

Butanal

O

Butanone

O

Isoprene

Dimethylsulphide

S

O

Methanol OH
13CH3OH

Ethanol
OH

13CH13
3 CH2OH

Propanol
OH

13CH3CH2CH2OH

Isopropanol

OH

1-Butanol OH

2-Butanol

OH
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Temperature and pH were measured using a Hanna HI 9812-5 pH/°C/EC/TDS Meter.
Bacteria and phytoplankton counts were determined using a flow cytometer (Becton Dick-
inson, FACSCalibar). Bacteria and phytoplankton were fixed right after sampling with
particle free formaldehyde solution (37%, AppliChem, 200 µl on 4 ml sample), quickly
frozen in liquid nitrogen, and stored at -80°C until analysis. Prior the analysis, bacteria
samples were stained with SYBR Green I nucleic acid gel stain (InvitrogenTM Molecu-
lar Probes Inc.). CDOM was analysed according to the method described by Heller and
Croot (2010). Dissolved nutrients (nitrate, nitrite, phosphate and silicate) were measured
according to the methods described by Hansen and Koroleff (2007) and oxygen by the
method described by Hansen (2007). The solar radiation data for the Kiel experiments
were obtained from the institute observation station. The solar radiation, salinity and
temperature during the MSM 18/3 cruise was obtained from the ship data.

5.1.14 Sampling Site

5.1.14.1 Kiel Fjord

The Kiel Fjord is located in the western Baltic Sea and is influenced by urban activities.
The salinity of the Kiel Fjord is characterised by fast changes due to high-saline water
entrainment from the North Sea which is mixed with less saline Baltic seawater. Addi-
tionally, fresh water is discharged into the Fjord by the Schwentine River with a minor
effect on the salinity. Ship traffic has an additional effect on the Fjord water. Between
March and April 2011 a phytoplankton bloom developed.

5.1.14.2 Eastern equatorial Atlantic Ocean

The equatorial Atlantic Ocean is characterised by a seasonal variability with a cold season
from June to October (Picaut, 1983). A most striking feature of this region is the annual
occurrence of the phenomenon referred to as cold tongue. This cold tongue is associated
with increasing strength of the south east trade winds which cross the equator (Philander
and Pacanowski, 1981) due to the northward shift of the ITCZ during the boreal spring
and summer (Philander et al., 1996). Due to this change, a divergence zone occurs which
triggers upwelling and induces the entrainment and mixing of cold and deep water masses
in the surface ocean layer (Philander and Pacanowski, 1981, Okumura and Xie, 2004).
The upwelled water mass transports nutrients in surface water and induces phytoplankton
blooms (Oudot and Morin, 1987).
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5.2 Results and Discussion

5.2.1 Incubation experiments

An example of one experiment including all four treatments for acetaldehyde is shown in
Figure 5.10. The slopes calculated from the decrease of 13C-OVOC concentrations with
time indicate the degradation rates. The slopes of the 12C-OVOC concentrations present
a net rate which includes both production and destruction rates. The first concentration at
time 0 is the natural concentration of 12C OVOCs in the Kiel Fjord. These concentrations
ranged between 6.2 and 147 nmol −1 during the experimental phase in the Kiel Fjord.

Fig. 5.10: Example of one experiment on 15-16 March 2011 for the case of acetaldehyde. Left
panel: The concentrations of both 12C and 13C acetaldehyde for the biology light and dark
treatments. Right panel: The concentrations of both 12C and 13C acetaldehyde of the chemistry
light and dark treatments. Note that the y axis on the left hand side presents 12C and the y axis on
the right hand side presents the 13C concentrations.

In general, destruction rates of chemical compounds are mainly dependent on the ini-
tial concentration and follow first order reaction kinetics. Production rates are mainly
independent of the initial concentration and follow the zero order reaction kinetics. To
determine the order of the experimental reaction kinetics, loss or production rates of all
experiments in the Kiel Fjord and in the Atlantic Ocean were plotted against their initial
concentrations (Figure 5.11). The R2 values ranged between 0.7 and 0.9 for the loss rates
against their intercepts which corroborates first order reaction kinetics. The only excep-
tion is acetone in the Kiel Fjord experiments. The R2 for the production rates were small,
suggesting zero order reaction kinetics (Figure 5.11). The same reaction kinetics were
shown in the few previous studies (de Bruyn et al., 2013; Mopper and Stahovec, 1986)
for consumption rates of acetone and acetaldehyde in incubation experiments. The con-
sumption rate constants (k in h−1) are presented in Table 5.4. The highest value of k (0.7
h−1) for acetaldehyde was calculated for the BL experiment on the 4th July 2011 in the
Atlantic Ocean. Mopper and Stahovec (1986) determined a rate constant of 0.86 h−1 for
an unfiltered dark sample off the west coast of Florida which is above the k determined
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in the BD treatments in this study. The average k for acetaldehyde determined in all ex-
periments presented in this study ranged on average between 0.01 and 0.2 h−1 which is
lower than reported literature values. Higher rate constants were determined in the At-
lantic Ocean compared to the Kiel Fjord (Table 5.4). Biology and chemistry treatments
showed no differences in their rate constants. The high values of the rate constants (0.01
and 0.07 h−1) for acetone in this study were comparable with the low values of ks (0.017
to 0.08 h−1) determined by deBruyn et al. (2013) in coastal waters of Southern Califor-
nia, USA. Also as in the case for acetaldehyde, higher rate constants for acetone were
determined in the Atlantic Ocean compared to the Kiel Fjord. No significant differences
in the constants could be observed between biology and chemistry treatments in the Kiel
Fjord. However, higher k values were calculated for the biology samples compared to the
chemistry samples in the Atlantic Ocean.

Fig. 5.11: Loss rates of 13C-acetaldehyde and acetone as a function of the initial concentrations
in the individual experiments (blue diamonds). The same is presented for 12C-acetaldheyde and
acetone (orange dots). The panels on the left hand side illustrate the experiments in the Kiel Fjord
and on the right hand side in the east Atlantic Ocean. The slopes and R2 values are, respectively,
as follows: loss rate of acetaldehyde, Kiel: 2*10-4, 0.76; loss rate of acetaldehyde, Atlantic:
5*10-4, 0.94; production rate of acetaldehyde, Kiel: 2*10-4, 0.1; production rate of acetaldehyde,
Atlantic: 2*10-5, 0.03; loss rate of acetone, Kiel: 1*10-4, 0.38; loss rate of acetone, Atlantic:
5*10-1, 0.74; production rate of acetone, Kiel: -2*10-4, 0.17; production rate of acetone,
Atlantic: -3*10-5, 0.03.
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5.2.2 Production and consumption of acetaldehyde in the

Kiel Fjord

All determined production and destruction rates from all experiments conducted in the
Kiel Fjord are presented in Figure 5.12. The consumption rates in the biology treatments
(both light and dark treatments) ranged between 1.93 and 403 nmol L−1 hr−1 with an
average of 61.5 nmol L−1 hr−1. The experiment of 8th March showed extremely high
consumption rates (BL: 403 nmol L−1 hr−1; BD: 163 nmol L−1 hr−1) compared to the
other experiments. The consumption rate in the light treatment was on average higher
compared to the dark biology treatment when the high concentrations of the 8th March
are included. The destruction rates in the chemistry treatments ranged between 0.02 and
19 nmol L−1 hr−1 (average: 5.5 nmol L−1 hr−1, see also Table 5.4). In the dark treatments
the degradation rates were on average higher compared to the light treatments which is
in contrast to the biology samples. The consumption rates were on average higher in the
biology treatments compared to the chemistry treatments when the experiment of the 8th

March is considered. When this high consumption rate is excluded the average consump-
tion rates are the same in the biology and in the chemistry treatments. Also light seemed
to have no effect on the rates.

The production rates were much lower compared to the consumption rates and in some
incubation bottles no production occurred. In the biology treatments (both light and dark)
production rates ranged between -1.38 (which means consumption) and 0.5 nmol L−1 hr−1

(average: 0.06 nmol L−1 hr−1) . In the chemistry treatments (both light and dark) the pro-
duction was between -8.35 and 1.68 nmol L−1 hr−1 (average: -0.67 nmol L−1 hr−1). In
the dark samples more production of acetaldehyde occurred on average compare to the
light samples. The average highest production and consumption rates were measured in
the chemistry dark treatments when the rates in the experiments of the 8th March are not
accounted.

5.2.3 Environmental parameters e�ecting acetaldehyde in the

Kiel Fjord

Highest consumption rates were measured in the biology treatments in the experiment of
the 8th March. These samples exhibit the highest Chl-a concentration of all experiments
conducted in the Kiel Fjord. Diatoms seemed to be the dominant phytoplankton group
in this experiment indicated by fucoxanthin which was the highest concentrated marker
pigment determined in the samples. The high silicate concentration (major nutrient for
diatoms) in these incubation bottles also referred to a diatom bloom. Additionally, hap-
tophytes, indicated by 19’-hexanoyloxyfucoxanthin, were also relatively abundant com-
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Fig. 5.12: Consumption and production rates of acetaldehyde determined in the Kiel Fjord. Both
rates are presented separately as biology or chemistry treatments while the dark and light
treatments are presented in the same panels. Negative production rates indicate consumption
only. BL means biology light treatment; BD biology dark treatment; CL chemistry light
treatment and CD chemistry dark treatment. Note that in the upper left panel the consumption
rate of BL of the 8th March was 403 nmol L−1 hr−1 and for BD was 163nmol L−1 hr−1 which
is beyond the scale.
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pared to other phytoplankton groups. The chl-a concentration as well as the abundance
of diatoms continuously decreased over the course of the all experiments conducted in
the Kiel Fjord. The lowest concentration was determined in the last experimental run of
the 20th April. The consumption rate in the light and dark biology treatments also con-
tinuously decreased from the first to the last experiment. The abundance of haptophytes
was already low in the second experimental run (15th March) while the consumption rate
was still relative high compared to the last experiments. All other marker pigments were
relative low in all experiments and showed a low variability. Thus, diatoms or their sym-
bionts might be a possible consumer of acetaldehyde during the incubations. However,
no correlation could be found between the consumption rates of all experiments and the
initial diatom concentrations of the experiments. The consumption rate was higher in
the light biology treatment compared to the dark treatment of the first experimental day.
The intensity of solar radiation was high during the first and the last experimental runs.
Nonetheless, the last experiment showed lowest consumption independent of light inten-
sity. It seems that consumption might be affected by both high diatom abundance and
high light intensity. The variability of the production rates in the biology treatments of all
experiments in the Kiel Fjord was inconsistent with the variability of all observed envi-
ronmental parameters. Thus, the parameters which influence the production rates in the
biology samples could not be identified. The variability of the consumption rates in the
CL treatments of the different experimental runs was consistent with the variability of the
different initial CDOM concentrations (R2 = 0.97, p-value 0.01, n = 4, Figure 5.13). This
is in contrast to other studies (deBruyn et al., 2011; Mopper and Stahovec, 1986) which
showed production of acetaldehyde dependent on the CDOM concentration and elevated
light intensity. They suggested that photochemical degradation of CDOM directly pro-
duce acetaldehyde. However, it might be also possible that the degradation products of
CDOM can directly chemically degrade acetaldehyde or that CDOM might act as photo-
sensitizer. The dark samples showed no significant correlation with CDOM. Parameters
which might influence the production rates in the chemistry samples could also not be
identified.

5.2.4 Incubation experiments of acetaldehyde in the

Equatorial East Atlantic Ocean

The initial 12C-acetaldehyde concentration of all incubation experiments in the Atlantic
Ocean ranged between 2.1 and 52 nmol L−1 taken from 10 m depth. The concentra-
tions of acetaldehyde in the Kiel Fjord were higher compared to the Atlantic Ocean.
The consumption rates measured in the East Atlantic Ocean ranged between 2.25 and
20.57 nmol L−1 hr−1 in the biology treatments for both light and dark treatments with
an average of 7.28 nmol L−1 hr−1 (Figure 5.14). In the chemistry treatments consumption
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Fig. 5.13: Linear regression between the consumption rates of CL treatments against the initial
CDOM fluorescence of all experiments conducted in the Kiel Fjord.

rates were observed between 0.5 and 131.74 nmol L−1 hr−1 (Table 5.4) with an average of
22.7 nmol L−1 hr−1 for both light and dark treatments. In the experiment on 26th June the
highest consumption rates were measured in the chemistry samples compared to all other
experiments. No significant differences for the consumption rates were observed between
the light and dark treatments of the biology samples. The chemistry samples showed on
average higher consumption rates in the light treatments compared to the dark treatments
(Table 5.4). The production rates ranged between -2.53 and 0.78 nmol L−1 hr−1 (average:
-0.09 nmol L−1 hr−1) in the biology treatments and between -2.15 and 0.3 nmol L−1 hr−1

(average: -0.21 nmol L−1 hr−1) in the chemistry treatments (Table 5.4, Figure 5.14). In
the chemistry samples and in the BL treatments degradation took place rather than produc-
tion. Most production was observed on average in the biology dark treatments. However,
the highest production rate of all experiments was measured in the BL treatment of the
24th June 2011; the highest consumption rate in the CL treatment of the 26th June.

5.2.5 Environmental parameters e�ecting acetaldehyde in the

Atlantic Ocean

No environmental parameters (like CDOM, SST, SSS, nutrients, oxygen, solar radiation)
could be identified which influenced the consumption or production rates of acetaldehyde
in the biology treatments in the east Atlantic Ocean. However, the experiments conducted
in Kiel showed that phytoplankton might influence the concentration of acetaldehyde and,
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Fig. 5.14: Consumption and production rates of acetaldehyde from the four different treatments
determined in the east Atlantic Ocean. Negative values in the lower panels refer to consumption.
All experiments were run for 24 hours. Note that for the light treatments sometimes two rates
were measured in one experimental run. If an experiment started in the afternoon the rate from
the afternoon to sunset and the second rate from sunrise to the end of the experiment are
presented while the rates during the nights are excluded and are not shown. Consumption rates
determined on the 26th June 2011 had high values which are beyond the scale of the y-axis; CL:
131.74 nmol L−1 hr−1; CD: 75.67nmol L−1 hr−1.
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thus, might also affect it in the Atlantic Ocean. This will be proven when maker pigments
are available for these incubation experiments. Additionally, bacteria might be also po-
tential consumers or producers of acetaldehyde and have to be considered for these exper-
iments. Flow cytometry and DNA data will be consulted in future work for proving this
suggestion.

For the chemistry treatments two environmental factors (oxygen and salinity) were found
which might influence acetaldehyde pathways. The destruction rates in the CL treatments
correlated significantly with the initial oxygen concentrations (R2 = 0.9, p-value 0.1, n
= 4, Figure 5.15, left panel). It might be possible that the light induced production of
radical oxygen species (ROS) were responsible for the chemical degradation of acetalde-
hyde. No parameters could be found which might affected the consumption rates in the
CD treatments. An anti-correlation between salinity and the production/destruction rate
(determined with the 12C-acetaldehyde) in the CD treatment was observed (R2 = 0.99,
p-value 0.01, n = 4, Figure 5.15, right panel). Increasing salinity turned the production
rate of acetaldehyde into a consumption rate. It is most likely, that the salinity was only
an indirect indicator for the rates of acetaldehyde pathways. Salinity might rather refer
to water masses which contained possible precursors or reacting agent of acetaldehyde.
Interestingly, the correlation was only observed in the dark treatments. It is possible that
processes which influenced the production and consumption/degradation rates in the light
and in the biology treatments were stronger and, thus, compensated or counteracted the
rates which were observed in the CD treatments. No correlations were found when all
environmental parameters were correlated against each rate of acetaldehyde of both loca-
tions the Baltic Sea and the Atlantic Ocean.

Fig. 5.15: Linear regression of the consumption rates of all CL treatments conducted in the
Atlantic Ocean against the initial value of seasurface salinity and oxygen.
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5.2.6 Comparison of acetaldehyde consumption and

production rates in the two sampling sites

The consumption and production rates in the Baltic Sea were in the same range compared
to the Atlantic Ocean when the extreme high rates were excluded. Both regions showed
no difference in the consumption in the BL compared to the BD treatments when the high
rates were excluded. Thus, the light seemed to have a small effect on the consumption
in the biology treatments. It might be possible that bacterial processes, which are inde-
pendent of light, were responsible for the consumption rather than phytoplankton which
might suffer in the dark treatments. However, the first experiment in the Kiel Fjord gave
a hint that diatoms might be also potential consumers of acetaldehyde and that the uptake
is stronger under light conditions. Mopper and Stahovec (1986) could also show that the
biota was the main sink for acetaldehyde in the ocean. However, in comparison to the
chemistry consumption rates the biology treatments were not significantly higher in both
sampling regions. It is most likely that in the chemistry treatments the bacterial activ-
ities were not eliminated which might be responsible for the high consumption rates in
the chemistry treatments. In both experimental sets the production rates in all treatments
were relatively low or did not even occur compared to the consumption rates. This was in
contrast to the findings of deBruyn et al. (2011) and Mopper and Stahovec (1986). They
observed production of acetaldehyde due to the photochemical degradation of CDOM.
Even in the light intensive tropical region only small production rates were measured
independent of treatment.

5.2.7 Incubation experiments of acetone in the Kiel Fjord

The initial 12C-acetone concentrations measured during the incubation experiments ranged
between 28.7 (9th March 2011) and 76 nmol L−1 (5th April 2011) in the Kiel Fjord. The
consumption rates in the biology treatments (both light and dark) ranged between 0.6 and
5.53 nmol L−1 hr−1 (average 3.3 nmol L−1) and for the chemistry treatments (light and
dark) between 0.19 and 6.11 nmol L−1 hr−1 (average 2.66 nmol L−1 hr−1, Figure 5.16).
No consumption could be observed for the last experiment on the 20th and 21st April
2011. The variability of the measurements was higher than the change in the 13C-acetone.
Therefore, no production rates could be determined as well for this experiment. Simi-
lar consumption rates were determined on average in the biology (BD, BL) and in the
CD treatments (around 3.3 nmol L−1 hr−1). In the CL treatments the consumption was
lower (2.18 nmol L−1 hr−1). When the experiments were directly compared, two of the
three experiments showed higher consumption rates in the dark treatments compared to
the light samples for both biology and chemistry. Only in one out of six samples a pro-
duction rate could be observed in both biology and chemistry treatments. The production
rates in the biology samples ranged between -1.91 and 1.94 nmol L−1 hr−1 (average -
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0.6 nmol L−1 hr−1) and in the chemistry treatments between -1.62 and 0.29 nmol L−1 hr−1

(average -0.88 nmol L−1 hr−1, Figure 5.16). Higher degradation rates were observed in
the chemistry incubations compared to the biology samples. In the BD and in CL treat-
ments only consumption/degradation was measured. Acetone was consumed rather than
produced during the Kiel experiments, especially in the dark treatments.

Fig. 5.16: Consumption and production rates of acetone measured in the Kiel Fjord. All
experiments were running from sunrise to sunset. Negative production rates refer to
consumption. Note that dark and light treatments are always presented in the same panel.

5.2.8 Environmental parameters e�ecting acetone in the Kiel

Fjord

Neither the consumption rates nor the production rates of acetone in the biology treat-
ments could be explained by any collected environmental parameter. The degradation
rates in the CL treatments correlated significantly with the initial concentrations of the
nutrients silicate and the sum of nitrate and nitrite (R2 = 0.99, p-value 0.05, n=3; R2 =
0.99, p-value 0.05, n=3, Figure 5.17, left panel). It might be possible that the consump-
tion observed in the CL treatments was governed by small bacteria which lived on both
the nutrients and acetone. It might be possible that only nutrients were taken up by phy-
toplankton but not acetone in the biology treatments which might explain the missing
correlation between nutrients and acetone in the biology treatments. Additionally, the
destruction rates in the CL treatments calculated from the 12C-acetone correlated signif-
icantly with oxygen (R2 = 0.998, p-value 0.01, n=3, Figure 5.17, right panel). This was
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also observed for acetaldehyde but in the Atlantic Ocean. It might be also possible for
acetone that ROS produced from oxygen and solar radiation reacted with acetone. In all
other treatments no environmental parameters seemed to influence the rates.

Fig. 5.17: Linear regression of consumption rates of CL treatments of all experiments conducted
in the Kiel Fjord against nutrients (silicate and nitrogen, left panel) and oxygen (right panel).
Note that the consumption rates of the right panel were calculated from the 12C-acetone. The
12C-actone decreased in the experiments indicated by the negative values.

5.2.9 Incubation experiments of acetone in the Equatorial

East Atlantic Ocean

The initial 12C-acetone concentrations ranged between 6.6 and 178.5 nmol L−1 hr−1 in
the seawater samples taken from 10 m depth which were used for the incubation experi-
ments in the east Atlantic Ocean. The concentrations measured in the Kiel Fjord fit in the
range of the Atlantic Ocean. The consumption rate of the biology treatments (both dark
and light) ranged between 0.43 and 7.76 nmol L−1 hr−1 (average 4.3 nmol L−1 hr−1) and
for the chemistry treatments (both dark and light) between 0.41 and 135.59 nmol L−1 hr−1

(average 15.2 nmol L−1 hr−1, Figure 5.18). The biology and chemistry treatments showed
on average similar consumption rates between 4 and 6 nmol L−1 hr−1 when the high
degradation rate of the 26th June was excluded. However, the variability of the rates
between the different experimental days was high in the chemistry samples. Even in the
CL treatment of the 26th June two different degradation rates were measured; one before
sunset and one the following day. However, the first degradation rate of this experiment
was based on two subsamples and the second smaller rate was determined from four sub-
samples. It might be that the first rate was an outlier. Nonetheless, the CD treatment
which contained the same water showed also the highest degradation rate of all experi-
ments. Thus, the high degradation rate in the CL treatment might be possible. In contrast
to the variability of the chemistry samples, the biology treatments exhibited similar con-
sumption rates especially in the light samples. The light incubations exhibited higher con-
sumption/degradation rates on average compared to the dark treatments for both biology
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and chemistry samples. The production rates in the biology treatments ranged between
-3.72 and 1.94 nmol L−1 hr−1 (for both light and dark, average -0.53 nmol L−1 hr−1) and
for the chemistry samples between -21.48 and 2.12 nmol L−1 hr−1 (for both light and
dark, average 1.26 nmol L−1 hr−1, Figure 5.18, Table 5.4). Except for the CD treatment
all samples showed consumption rather than production on average. Although the degra-
dation rate in the CD treatment of the 26th was high, a small production rate could be
measured. However, the CL treatment of this day also indicates only consumption in the
12C-acetone. The loss rates of 12C-acetone were generally higher in the light treatments
than in the dark treatments for both biology and chemistry treatments.

Fig. 5.18: Consumption and production rates of acetone measured in the East Atlantic Ocean.
Negative production rates indicate consumption only. Note that for the light treatments
sometimes two rates were measured in one experimental run in the manner of acetaldehyde. All
experiments were run for 24 hours. The degradation rate for CL of the 26th June 2011 was
135.59 nmol L−1 hr−1 which is beyond the scale of the y-axis (upper, right panel). The negative
production rate of the CL treatment of the 26th June was -21.48nmol L−1 hr−1 (lower, right
panel).

5.2.10 Environmental parameters a�ecting acetone in the

Equatorial East Atlantic Ocean

None of the collected environmental parameters could explain the variability of the con-
sumption and production rates in the biology treatments. However, the influence of bi-
ological activities on the rates cannot be excluded and have to be tested. A significant
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correlation between the production rates (including consumption rates determined from
12C-acetone) of the CL treatments and the sea surface salinity was found (R2 = 0.97, p-
value 0.01, n = 4, Figure 5.19). This was similar to the observations of acetaldehyde in the
Atlantic Ocean. Also for acetone salinity might be only an indirect indicator. It seemed
to refer to water masses which might contain precursors or reacting agents of acetone.
These reactions were possibly light dependent in contrast to the findings of acetaldehyde.
None of the other collected additional parameters showed an influence on the rates. All
measured environmental parameters were also correlated against each rate of acetone of
both locations the Baltic Sea and the east Atlantic Ocean. However, no correlations could
be found.

Fig. 5.19: Linear regression of the production rate of CL treatments of all experiments conducted
in the Atlantic Ocean against the seasurface salinity. Note that the negative production rates
referred to consumption rates.

5.2.11 Comparison of acetone consumption and production

rates in the two sampling sites

The consumption rates measured in the Atlantic Ocean were in general slightly higher
compared to rates determined in the Kiel Fjord. A higher variability in the production
rates was observed in the Atlantic Ocean. However, the rates were on average similar
in both regions. Additionally, no significant differences in the consumption rates were
observed in the light and dark samples of both regions. Furthermore, production was
only observed in a few experiments in the Baltic Sea and in the Atlantic. In the Baltic
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Tab. 5.4: The ranges and average values of all measured consumption and production rates of the
four different treatments of acetaldehyde and acetone are listed. All experiments conducted in the
Kiel Fjord and in the Atlantic Ocean are included, respectively. Note that negative production
rates refer to consumption.

Com- Treatment Consumption Consumption Production Production
pound in light in dark in light in dark

[nmolL−1hr−1] [nmolL−1hr−1] [nmolL−1hr−1] [nmolL−1hr−1]
Sampling range range range range

site average average average average
rate constant k rate constant k

[hr−1] [hr−1]
rate rate

average average
Acet- Biology 0.03 - 6.7 0.05 - 2.72 -0.02 - 0.008 -0.0004 - 0.008
alde- 1.74 0.73 -0.002 0.004
hyde 0.0002 - 0.04 0.006 - 0.05

0.015 0.03
Kiel Chemistry 0.007 - 0.151 0.0004 - 0.32 -0.14 - 0.012 -0.002 - 0.03
Fjord 0.07 0.11 -0.03 0.01

0.005 - 0.01 0.005 - 0.02
0.008 0.01

Acet- Biology 0.04 - 0.34 0.08 - 0.23 -0.04 - 0.01 -0.002 - 0.005
alde- 0.13 0.11 -0.004 0.002
hyde 0.06 - 0.2 0.06 - 0.38

0.2 0.2
East Chemistry 0.04 - 2.2 0.008 - 1.26 -0.008 - 0.004 -0.04 - 0.005

Atlantic 0.21 0.07 -0.0005 -0.007
Ocean 0.04 - 0.45 0.004 - 0.35

0.2 0.1
Ace- Biology 0.01 - 0.08 0.03 - 0.09 -0.02 - 0.003 -0.03 - - 0.002
tone 0.01 0.02 -0.006 -0.01

0.007 - 0.01 0.009 - 0.02
Kiel 0.009 0.01
Fjord Chemistry 0.003 - 0.06 0.02 - 0.04 -0.03 - -0.007 -0.03 - 0.005

0.03 0.02 -0.02 -0.01
0.006 - 0.02 0.0097 - 0.014

0.01 0.01
Ace- Biology 0.007 - 0.13 0.01 - 0.1 -0.06 - 0.03 -0.005 - 0.02
tone 0.1 0.05 -0.01 -0.005

0.06 - 0.1 0.008 - 0.09
East 0.08 0.03

Atlantic Chemistry 0.007 - 2.26 0.007 - 0.27 -0.36 - 0.03 -0.006 - 0.04
Ocean 0.11 0.05 -0.005 0.008

0.001 - 0.06 0.0008 - 0.06
0.03 0.02



Sea, higher consumption rates were observed in the dark treatments compared to the light
treatments for both biology and chemistry. This was in contrast to the Atlantic Ocean,
where light treatments showed higher consumption rates. It might be possible that the
enhanced solar radiation dose in the tropics had a stronger effect on the acetone con-
centration compared to the Baltic Sea. However, both biology and chemistry treatments
seemed to be influenced in the same way. This might refer again to a potential bacteria
activity which occurred in both treatments and which were light dependent. Indeed, de
Bruyn et al. (2013) showed that the primary loss rate of acetone was the consumption
due to bacteria. However, they observed a difference in filtered and unfiltered samples.
This is in contrast to our results. It might be possible that bacteria smaller than 0.2 µm
did not consume acetone in their samples while in the samples of this study they did.
However, this is highly speculative and has to be proven by analyzing flow cytometry and
DNA samples. For the biology treatments, no parameter could be identified which might
influence the rates in both regions.

The experiments (for an overview see Table 5.4) showed that both acetaldehyde and ace-
tone were consumed rather than produced in both the Baltic Sea and in the eastern At-
lantic Ocean. These results suggest that the two sampling sites were a potential sink for
acetaldehyde and acetone. However, this can possibly change with environmental pa-
rameters and with the season. Hints were found which might suggest that bacteria and
phytoplankton could possibly consume especially acetaldehyde. However, the influence
of the biota on the OVOC concentration has to be studied in more detail in the future. The
hypothesis that the main source of OVOCs is the production due to the photochemical de-
struction of CDOM could not be proven. Although, elevated solar radiation and CDOM
occurred in the samples no significant differences could be observed between the dark
and the light samples. However, it might be possible that the concentration of CDOM
was too low to show detectable production rates of OVOCs. It could be also possible that
the consumption was superimposed on the production rates.
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6 Conclusion and Outlook

This thesis presents new results that help to increase knowledge about the environmental
controls on the distribution of the different, short-lived, climate-relevant trace gases such
as DMS, isoprene, acetaldehyde and acetone. Despite their low concentrations, the at-
mospheric importance of these gases ranges from controlling hydroxyl radical, the main
cleanser of the atmosphere, to forming cloud condensation nuclei, influencing Earth’s cli-
mate system. Accurately modeling and predicting the role of the ocean in the atmospheric
budget of these compounds is key to understanding their effects, both for present day and
under future global change scenarios.

The first comprehensive set of DMS, DMSP and DMSO data from the western Pacific
Ocean is presented in this study. Different algae taxa, namely haptophytes, chrysophytes
and dinoflagellates, were identified as potential producers of both DMSP and DMSO.
The extremely low ratio of DMSPp and DMSOp may be typical for oligotrophic tropical
open oceans. The relatively high DMSOp concentration compared to DMSPp indicated
enhanced nutritional and oxidative stress for the phytoplankton leading to an accumula-
tion of surface DMSOp. Furthermore, DMSPd and DMSOt/p might serve as substrates
for methane production in the oxic surface layer. DMSO seems to be an important part
of the marine organic sulphur cycle. However, it is less investigated compared to DMSP
or DMS. Thus, its production and degradation pathways need to be studied under con-
trolled laboratory conditions and in comparable field experiments. For instance, the role
of DMSO as substrate for bacteria and the link to the production of other chemical com-
pounds like methane has to be investigated. DMSO seems to be an indicator for stress in
phytoplankton because it is found to be involved in the antioxidation cascade in algae cells
(Sunda et al., 2002). However, the environmental conditions that trigger elevated DMSO
production are poorly understood and seem to be as complex as for DMSP. Pointed incu-
bation experiments investigating this process are needed.

The flux of marine DMS into the atmosphere was used to model the amount of DMS
that can be transported into the upper troposphere and lower stratosphere. The amount
of DMS (and likely its oxidation products) which could theoretically contribute to the
persistent stratospheric sulphur layer (PSL) was surprisingly large when scaled by the area
of emissions. This intensive transport could be explained by the high convection in the
tropical western Pacific Ocean and might increase with season of elevated tropical cyclone
events or elevated DMS production in surface seawater. However, the amount of DMS
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crossing the tropopause, and thus, the actual contribution of marine DMS and its oxidation
products to the PSL could not be determined. Thus, measurements of DMS throughout
the entire troposphere and lower stratosphere during the high convection season will help
to prove directly if marine DMS could be a source of sulphur to the PSL.

The environmental controls on isoprene are even less understood than those for DMS
and the relationship between the two compounds has been poorly investigated. Correla-
tions between DMS and isoprene found in several regions along the north-south transit
suggested a link between the two compounds. Also, when clustered dependent on N:P
similar distribution patterns between DMS and isoprene were observed. Dinoflagellates
were identified as potential producers of both isoprene and DMSP, thus, the link between
DMS and isoprene might be indirect via DMSP. However, direct correlations between
DMS and isoprene which could not be explained by phytoplankton or nutrient distribu-
tion might be due to microbial activities. The distribution pattern of DMS:isoprene fits
neatly into the hydrographic regions of the eastern Atlantic Ocean. Elevated DMS con-
centrations were measured in upwelling regions of the Guinea and Angola Domes while
elevated isoprene concentrations were observed throughout oligotrophic and highly pro-
ductive regions. Although, DMS and isoprene were related to each other, their distribution
pattern in the eastern Atlantic Ocean showed some important differences. It might be that
isoprene persists longer in surface seawater and can be transported over longer distances
compared to DMS. These findings point to complex cycling pathways for isoprene in sur-
face seawater, comparable to DMS. To understand the distribution pattern of isoprene in
the ocean, more information is needed about its sources and sinks. Controlled laboratory
experiments would help to identify bacterial groups, phytoplankton species or chemical
reactions responsible for the isoprene production and degradation. These culture exper-
iments should be combined with mesocosms and direct field experiments to include the
influence of community structure and chemical as well as physical conditions in a natural
environment. Additionally, isoprene measurements during research cruises in the open
ocean, as it is presented in this study, should be conducted in combination with ancillary
data collection, such as plankton and bacteria composition, nutrients and CDOM, at a
higher resolution. Additionally, the investigation of isoprene at time series stations would
allow the investigation of how seasonal changes of environmental parameters control iso-
prene concentrations. In addition, the lifetime of isoprene in the surface oceans have to be
clarified to assess the role of transport on isoprene distributions. Laboratory incubation
experiments of isoprene under a variety of treatments, such as the OVOC experiments can
elucidate the lifetime of isoprene under natural conditions.

Similar to isoprene, sources and sinks of acetaldehyde and acetone in surface seawater are
poorly investigated. Therefore, incubation experiments were conducted to investigate the
effects of biological and chemical activities under light and dark conditions in two dif-
ferent oceanic regions, namely the Baltic Sea and the eastern equatorial Atlantic Ocean.
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Both compounds were consumed rather than produced under both biological and chemi-
cal conditions, which suggests the ocean is a sink for both compounds. The consumption
of acetone in biology treatments was slightly higher than in the chemistry samples. No
obvious differences could be determined between the biology and chemistry as well as
between the dark and the light treatments in the two oceanic regions. The consumption
and production rates were similar in both regions. A more detailed analysis of the indi-
vidual incubation experiments has to be conducted to identify specific sources and sinks
of acetaldehyde and acetone. It seems that these sources and sinks were highly variable
and changed from one experiment to the next. Especially, the phytoplankton and bacteria
communities need to be examined in detail to identify possible producers and consumers.
This will be done with the analysis of pigment, flowcytometry and DNA samples that are
currently in storage. When specific algae or bacteria species are identified as possible
producers or consumers, they can be examined in mono-culture experiments under dif-
ferent environmental conditions in future work. Addition of radioactive labeled acetone
and acetaldehyde into the cultures will help to identify how acetone and acetaldehyde are
incorporated in their biomass. Continuous measurements of acetone and acetaldehyde
using an equilibrator immersed in the culture coupled to a fast chemical sensor for several
days could elucidate temporal changes in the production and degradation rates which will
help to understand if e.g. the light-dark-cycle or the growth stages of the biota affect the
concentration of both compounds.
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