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. Summary

Oceanic bromoform (CHBr3) and dibromomethane (CH,Br,) are the largest contributors to
organic bromine in the atmosphere, while atmospheric organoiodine is significantly
influenced by marine methyl iodide (CHsl) and diiodomethane (CH,l,). Halogenated
hydrocarbons (halocarbons) and their degradation products are involved in ozone chemistry
in both the troposphere and stratosphere. With decreasing anthropogenic atmospheric
halocarbons, the impact of naturally produced halocarbons on atmospheric processes will
likely increase. Many uncertainties still exist with regard to their production and degradation
in the ocean, as well as to their emissions. While macroalgae have been identified as
important sources of them, microalgae were shown to be halocarbon producers as well.
Hence, oceanic upwelling systems might play a crucial role for open ocean emissions. The
tropical ocean has not only been hypothesized to contribute largely to global halocarbon
emissions, but it also may contribute to their transport into upper atmospheric layers. They
may be transported in significant amounts into the tropical stratosphere by tropical deep
convection. This thesis aims at reducing some of the uncertainties regarding halocarbon
emissions from the tropical ocean to understand their role in a future climate.

Two campaigns are covered here: MSM18/3 onboard RV Maria S. Merian investigating the
Eastern tropical equatorial Atlantic during the cooling season in June and July 2011, and
DRIVE (Diurnal and Reglonal Variability of halogen Emissions) onboard RV Poseidon, which
focused on the Mauritanian upwelling region in June 2010. Oceanic and atmospheric
halocarbon data, biological, meteorological and oceanographic parameters were collected to
investigate impact factors on halocarbon emissions. The oceanic and atmospheric data were
also included in the most complete halocarbon database so far, HalOcAt (Halocarbons in
the Ocean and Atmosphere). Manuscripts, prepared and published on the basis of this data
set, include the first manuscript (Hepach et al., in prep) that focuses on the first
measurements of CHBr3;, CH,Br,, CHsl and CH.l, in the surface and the water column of the
equatorial Atlantic during the Atlantic Cold Tongue (ACT) season. The second (Hepach et
al., 2014) and third manuscript (Fuhlbriigge et al., 2013) cover oceanic and atmospheric
abundances of CHBr3;, CH,Br, and CHjsl in the Mauritanian upwelling region on a diel and
regional scale. While the second manuscript investigates impact factors on emissions of
these compounds, the third manuscript analyzes meteorological constraints on atmospheric
halocarbons. The fourth manuscript (Ziska et al., 2013) uses the HalOcAt database to
determine global emissions of CHBr;, CH,Br, and CHsl, and estimates global contributions
from different regions. In the fifth manuscript (Stemmler et al., 2013), depth profiles of CHl
measured during the DRIVE campaign are used to validate modeled profiles from the tropical

open ocean using the General Ocean Turbulence Model (GOTM). The transport of emissions
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of CHsl into the stratosphere is calculated in the sixth manuscript (Tegtmeier et al., 2013),
indicating that CH;l from the DRIVE campaign is entrained in small amounts into the
stratosphere.

Both upwelling systems, the Mauritanian upwelling and the equatorial Atlantic, were shown
here to be source regions for CHBr; and CH,Br,, contributing to the large emissions of these
compounds from the tropical ocean. While CHzl has been found to be ubiquitously distributed
in the Mauritanian upwelling region hinting towards photochemical formation there, strong
implications for biological formation were found in the ACT. This agrees well to the modeled
depth profiles of CHzsl indicating they may be influenced both by photochemical and biological
formation of this compound. Although it has been hypothesized that the tropical ocean may
not contribute to CH,l, emissions to the atmosphere due to its very rapid photolysis, CH,l,
could be detected in low concentrations in the surface water of the ACT. The first
determination of diapycnal fluxes of CHBrs, CH,Br,, CHsl and CH,l, in the ACT indicate that
their production takes place within the mixed layer regardless of deeper biomass maxima,
which may be very important for their emissions. In the Mauritanian upwelling, oceanic
halocarbon production was identified as the main driver of halocarbon emissions with wind
speed having impact on a diel scale. For the first time, the height of the Marine Atmospheric
Boundary Layer (MABL) has been found to indirectly impact halocarbon emissions due to its
decreasing and increasing effect on atmospheric halocarbons. Together with enhanced
emissions of halocarbons, the largely elevated atmospheric halocarbons above the
Mauritanian upwelling could be explained solely by local emissions in contrast to previous

hypotheses. This process could be of importance in other coastal upwelling systems as well.
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.  Zusammenfassung

Bromoform (CHBr3) und Dibrommethan (CH,Br,) aus dem Meer tragen entscheidend zum
organischen Bromgehalt der Atmosphare bei. Methyljodid (CHsl) und Dijodmethan (CHaly)
sind wichtige Komponenten organischen Jods in der Atmosphare. Sobald sie aus dem Meer
in die Atmosphare eingetragen werden, sind diese Verbindungen und ihre Zerfallsprodukte
an der Ozonzerstorung in der Tropos- und Stratosphére beteiligt. Ihre Bedeutung fur die
Ozonchemie wird vermutlich mit abnehmenden atmospharischen Konzentrationen
anthropogener Fluorchlorkohlenwasserstoffe zunehmen. Allerdings sind viele ihrer
Produktions- und Zerfallsprozesse im Meer immer noch nicht bekannt und stellen somit
Unsicherheiten im Bezug auf ihre Emissionen dar. Mehrere Studien konnten zeigen, dass
Makroalgen stark zu ihrer Produktion beitragen, aber auch Mikroalgen wurden als
Produzenten identifiziert. Da diese verstarkt in marinen Auftriebsgebieten verbreitet sind,
konnten diese Gebiete wichtige Quellregionen von Halogenkohlenwasserstoffen sein. Der
tropische Ozean ist vermutlich nicht nur fir ihre Emissionen von Bedeutung, sondern
aufgrund tropischer Konvektion auch fur den Transport halogenierter Kohlenwasserstoffe in
die Stratosphare. Die Ergebnisse dieser Arbeit sollen dazu beitragen, Prozesse, die zu
Emissionen halogenierter Spurengase beitragen, naher zu bestimmen und ihre Rolle in
einem sich zukunftig andernden Klima zu verstehen.

Diese Arbeit beruht auf zwei Kampagnen. Die MSM18/3-Fahrt an Bord der FS Maria S.
Merian im Juni und Juli 2011 fand im dstlichen aquatorialen Atlantik wahrend der Kaltesaison
statt. Die DRIVE-Kampagne (Diurnal and Reglonal Variability of halogen Emissions) von Juni
2010 an Bord der FS Poseidon hingegen untersuchte das mauretanische Auftriebsgebiet.
Messungen von Halogenkohlenwasserstoffen im Meer und in der Atmosphére, sowie
biologische, meteorologische und ozeanographische Parameter wurden verwendet, um
Einflussfaktoren auf Emissionen halogenierter Spurengase zu bestimmen. Diese Daten
wurden auch in die HalOcAt-Datenbank (Halocarbons in the Ocean and Atmosphere)
integriert, die die bisher gro3te Sammlung von Konzentrationen mariner
Halogenkohlenwasserstoffe darstellt. Auf der Grundlage dieser Daten sind sechs
Manuskripte erstellt und publiziert worden. Das erste Manuskript (Hepach et al., in prep)
basiert auf den ersten Oberflachen- und Tiefenprofil-Messungen von CHBr;, CH,Br,, CHsl
und CH,l, im &quatorialen Ostatlantik wahrend der Kéaltesaison im &quatorialen Atlantik. Das
zweite (Hepach et al.,, 2014) und das dritte Manuskript (Fuhlbrigge et al., 2013) stellen
tageszeitliche und regionale Messungen von CHBr3;, CH,Br, und CH;l im Oberflachenwasser
und der Atmosphdre des mauretanischen Auftriebsgebietes vor, wobei das zweite
Manuskript sich auf Einflussfaktoren von Emissionen konzentriert. Das dritte Manuskript hat

vor allem Zusammenhdnge meteorologischer Variablen und atmospharischer
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Konzentrationen der Halogenkohlenwasserstoffe zum Thema. Im vierten Manuskript (Ziska
et al.,, 2013) werden globale Emissionen von CHBr;, CH,Br, und CH;l basierend auf den
Daten der HalOcAt-Datenbank berechnet. Im funften Manuskript (Stemmler et al., 2013)
werden Tiefenprofile von CHgsl, die wahrend der DRIVE-Kampagne gemessen wurden, zur
Validierung von modellierten Tiefenprofilen benutzt. Im letzten Manuskript (Tegtmeier et al.,
2013) dieser Arbeit wird der Eintrag von CHal in die Stratosphére basierend auf Emissionen
der DRIVE-Kampagne berechnet. Diese Berechnungen zeigen, dass zumindest geringe
Betrage von CHsl aus dem tropischen Atlantik die Stratosphére erreichen.

Beide Auftriebsgebiete wurden als Quellregionen von CHBr; und CH,Br, identifiziert und
tragen daher zu ihren hohen Emissionen aus dem tropischen Ozean bei. CHsl war
gleichmaRig im Oberflachenwasser des mauretanischen Auftriebsgebietes verteilt, was auf
photochemische Bildung hinweist. Im Gegenteil dazu wurden mehrere Hinweise auf die
biologische Produktion von CH;l im dquatorialen Ostatlantik gefunden. Beide Mechanismen
stimmen gut mit den modellierten Profilen tberein. Vorhergehende Studien nahmen an, dass
aufgrund seiner starken Photolyse kein CH,l, im Oberflachenwasser des tropischen Ozeans
beobachtet werden kann. Allerdings konnte diese Verbindung wahrend der
MSM18/3-Kampagne im Oberflachenwasser gemessen werden. Diapyknische Flisse dieser
Verbindungen sind als Teil dieser Arbeit zum ersten Mal berechnet worden. Im Vergleich zu
anderen  Senken weisen diese darauf hin, dass die Produktion der
Halogenkohlenwasserstoffe vermutlich in der gesamten durchmischten Oberflachenschicht
stattfindet und somit ihre Emissionen in die Atmosphéare beeinflusst. Biologische und
photochemische Produktion von CHBr3;, CH,Br, und CHsl im Oberflachenwasser wurde als
wichtigster Einflussfaktor auf ihre Emissionen aus dem mauretanischen Auftriebsgebiet
identifiziert, wobei tageszeitliche Variationen der Windgeschwindigkeit ebenfalls eine Rolle
spielen kdnnen. Es wurde zum ersten Mal festgestellt, dass die Hohe der atmospharischen
Grenzschicht zuséatzlich Einfluss auf Emissionen halogenierter Kohlenwasserstoffe von
kiustennahen Auftriebsgebieten haben kann. Im Gegensatz zu vorherigen Hypothesen
kénnen die stark erhdhten atmospharischen CHBr; und CH,Br, in diesem Gebiet durch
lokale ozeanische Produktion erklart werden. Entscheidend dafir ist die Kombination der
niedrigen Grenzschichthbhe mit verstarkten Emissionen. Dies kdnnte auch in anderen

kustennahen Gebieten ein wichtiger Prozess sein.



I NTRODUCTION



10

INTRODUCTION




Introduction 11

[1l. Introduction

Halocarbons, hydrocarbons in which one or more hydrogen atoms are substituted by one or
more halogen (bromine, chlorine, fluorine or iodine) atoms, receive more and more attention
due to their involvement in ozone depletion in both the troposphere and the stratosphere.
Especially manmade chlorofluorocarbons (CFCs), where hydrogen atoms have been
replaced by chlorine and fluorine atoms, have attracted much attention in previous years due
to the discovery of the ozone hole in 1985. They have been commercially used since the
1930s as refrigerants, propellants, blowing agents, solvents, and cleaning agents due to their
low toxicity, non-flammability, odorlessness, and their persistence. However, this persistence
proved to be one of the major environmental problems associated with CFCs. CFCs have
very long lifetimes, e.g. 45 yr for CFC-11 and 640 yr for CFC-13 (Montzka and Reimann,
2011), and are practically inert in the troposphere (Solomon, 1999). They can be transported
into the stratosphere where they have strong implications for stratospheric ozone chemistry.
Molina and Rowland (1974) proposed that chlorine, released from CFCs when exposed to
solar radiation could be involved in ozone destruction in the stratosphere via a catalytic chain
reaction. Farman et al. (1985) were the first to observe the ozone hole above Antarctica,
which confirmed the suggestions that CFCs could have serious implications for the ozone
layer. With the Montreal Protocol coming into effect January 1 1989, the production and
application of CFCs was banned. Since then, their atmospheric abundance has been slowly
decreasing. However, nine years after their ban, about 62 % of total tropospheric chlorine
was still coming from CFCs (Montzka and Reimann, 2011) as a result of their long lifetimes.
They have now been replaced by compounds such as hydrofluorocarbons (HFCs),
perfluorocarbons (PFCs), or sulfur hexafluoride (SF6). The London amendment from 1990
also added tetrachloromethane (CCl,) to the banned substances.

With decreasing CFCs and a changing global climate, the significance of naturally produced
organic halogenated compounds for atmospheric processes might strongly increase.
Lovelock et al. (1973) detected methyl iodide (CHjsl) as first natural halogenated compound
suggesting the ocean to be its main source. It was hypothesized to be a very important
carrier of iodine to the atmosphere, supported by the study of Liss and Slater (1974). Studies
on natural halocarbons conducted by Singh (1983), Rasmussen (1984), Penkett (1985), and
Cicerone (1988), for example, focusing mainly on their atmospheric abundances, followed in
the 1980s. During these investigations, also brominated natural hydrocarbons were
investigated and proposed to be of significance for tropospheric and stratospheric ozone
chemistry. Fewer studies in the 1970s and 1980s covered the oceanic distributions and
sources of these compounds. Burreson et al. (1975) found a number of halocarbons

including bromoform (CHBr3) in essential oil extracted from a red algal species, suggesting
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that these compounds could be emitted into the ocean by macroalgae. Polyhalogenated
compounds produced by a red macroalgae species were later hypothesized to be involved in
defense mechanisms against bacterial activity (McConnell and Fenical, 1979). Until the
1990s, microalgae were not studied as extensively. Only CHsl had been observed previously
in cultural phytoplankton studies (Fenical, 1981; Gschwend et al., 1985). Tokarczyk and
Moore (1994) published the first study showing the production of several halocarbons
including CHBr; and dibromomethane (CH,Br,) from cultured phytoplankton species. This
study implicated that not only the coastal ocean with a rich quantity of macroalgae was a
potential source region, but also more open ocean regions. In comparison to the manmade
CFCs, these compounds have very short lifetimes in the atmosphere from 0.003
(diiodomethane) to 123 days (CH,Br,) (Montzka and Reimann, 2011), and have therefore
been assumed to be only significant for tropospheric processes. However, Solomon et al.
(1994) could show that CHgsl can be transported into the stratosphere where it may take part
in stratospheric chemical processes, including ozone destruction. CHBr; and CH,Br, and
their degradation products were shown to be transported into the stratosphere as well
(Dvortsov et al., 1999; Sinnhuber and Folkins, 2006; Kerkweg et al., 2008). Bromine and
iodine may be far more efficient in ozone destruction than chlorine (Daniel et al., 1999). Many
uncertainties still exist with regard to naturally occurring halocarbons in the marine
environment, including their sources, sinks and fate. It is crucial to continue to study these

processes to estimate the significance of halocarbons in a changing future climate.

1. Halocarbons in the ocean

This thesis focuses on four naturally produced halocarbons that contribute significantly to
atmospheric organobromine and -iodine: bromoform (CHBr3), dibromomethane (CH,Bry),
methyl iodine (CHjsl) and diiodomethane (CH,l,). While the polyhalogenated CHBrs;, CH,Br,
and CH,l, have been suggested to be biologically formed by similar pathways, different
processes may be involved in the biogenic production of CHsl. Apart from macroalgae,
microalgae could be identified as producers for all four halocarbons. Additionally,
photochemical formation with the involvement of organic precursors may play a crucial role in
the formation of CHsl. Rates of degradation processes in the ocean differ for each of the four
compounds. While the main sink for CHBr; and CH,Br, may be air-sea gas exchange,
nucleophilic halogen substitution may compete with air-sea gas exchange as sink of CHjsl.
Photolysis of CH,l, is very rapid, and is hence the most dominant loss process for this

compound. Measurements of these compounds in the field are still very sparse, and
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emissions have so far only been estimated for few campaigns. Many data gaps exist
especially for CH,l,.

1.1. Bromoform and dibromomethane in the ocean

CHBr; and CH,Br, are compounds that find application in industrial processes as solvents,
sedatives, flame retardants, and as gauge fluid, and both are used or can be intermediates in
organic synthesis. They are odorless and liquid at room temperature. CHBr; and CH,Br, from

the ocean are the largest contributors to atmospheric organic bromine (Hossaini et al., 2012).
1.1.1. Marine sources
1.1.1.1. Anthropogenic sources

Formation of CHBr; during drinking water treatment by chlorination was first published by
Rook (1974), after which it can enter estuaries and coastal waters by riverine discharge (Helz
and Hsu, 1978). Additionally to disinfection of drinking-, sea- and wastewater by chlorination
and ozonation, cooling water of power plants is chlorinated to prevent biofouling (Fogelqvist
et al., 1982; Fogelgvist and Krysell, 1991; Jenner et al., 1997). Chlorination of seawater
leads to larger concentrations of CHBr; than chlorination of freshwater due to the larger
amount of bromide (Br) present. Chlorination using hypochlorous acid (HOCI) results in
hypobromous acid (HOBr) in the presence of Br (Jenner et al., 1997).

CIO +Br —»BrO +CI' (reaction equation 1)
BrO +H"—HOBr (reaction equation 2)

HOBr then reacts with reactive dissolved organic matter (DOM) to a brominated organic
intermediate which finally reacts rapidly to CHBr; (Jaworske and Helz, 1985; Lin and Manley,
2012).

3HOBr+DOM;¢5ct—DOM-Bry (reaction equation 3)
DOM-Br;—CHBr3;+DOM (reaction equation 4)

Production of CHBr; may vary with season due to changes in temperature and salinity,
radiation, and dissolved organic carbon (DOC) content (Jenner et al., 1997; Allonier et al.,
1999). Quack and Wallace (2003) assessed anthropogenic sources of CHBr; and their
contribution to the ocean. Based on references therein, a total of ~0.35 Gmol Br yr* (0.25 —
1.4 Gmol Bryr') were estimated from anthropogenic sources. This includes around
290 Mmol Br (CHBr3) yr'* from fossil fuel generating capacity, 38 Mmol Br (CHBrs3) yr* from
nuclear power plants, including inland, 0.04 (+~2) Mmol Br (CHBr3) yr*  from

desalination/power plants, and 12 Mmol Br yr'l from disinfection of wastewater, drinking
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water, and recreational water. The total contribution was estimated to be small on a global
scale, but with potentially large significant influence on a local scale in coastal regions.

Less is known about anthropogenic sources of CH,Br,. It has several industrial applications,
among others as solvent or gauge fluid. Industrial wastewater can be transported into rivers
and estuaries which would transport anthropogenic CH,Br, into the ocean. CH,Br, may be
produced from the reactions 3 and 4 as well (Lin and Manley, 2012). However,
concentrations in drinking water, groundwater and wastewater have been shown to be very
low (Perry et al., 1979; Fielding et al., 1981; Page, 1981).

1.1.1.2. Biological sources
1.1.1.2.1. Macroalgal production of CHBrzand CH,Br,

Coastal regions have been assumed to be important sources regions for both CHBr; and
CH,Br, due to large macroalgal populations. Several species of brown, green and red algae
could be identified as producers with brown algae contributing about 60 % to the global
macroalgae CHBr; budget due to their large biomass (Carpenter and Liss, 2000). Before the
study of Gschwend et al. (1985), the release from macroalgal sources had not been further
assessed. The total possible contribution from temperate macroalgae to organic atmospheric
bromine based on this study was ~10,000 t yr*, equivalent to ~0.13 Gmol Br yr*. Carpenter
and Liss (2000) calculated a global contribution of around 1.6 Gmol Bryr* alone from
macroalgal CHBr3;, which is about one order of magnitude higher as the previous estimate.
Quack and Wallace (2003) estimated a total global coastal flux of
2.3 (0.9 - 3.4) Gmol Br (CHBr3) yr* in a similar range, which also includes anthropogenic
sources that could be occasionally large in comparison to macroalgal emissions. Macroalgal
production of halocarbons was mainly investigated in polar (Schall et al., 1994; Laturnus,
1996; Laturnus et al., 1997) and temperate regions (Nightingale et al., 1995; Jones et al.,
2009; Bravo-Linares et al., 2010). Up to now, only one incubation study has focused on the
tropics (Leedham et al., 2013) with comparable production rates of CHBr; to temperate and
polar algae. This suggests that a previously proposed larger emission of CHBr; from the
tropical coastal ocean (Yokouchi et al., 2005) may rather be a result of the larger biomass of
bromocarbon producing species, both macro- and microalgae, than production rates

themselves (Leedham et al., 2013).
1.1.1.2.2. Bromocarbon production by phytoplankton

Butler et al. (2007) estimated open ocean contributions for CHBr; and CH,Br, from several
cruises conducted in different regions (Figure IllI-1). The tropical ocean seems to play an

important role for bromocarbon fluxes into the atmosphere contributing about 66 (CHBr,) to
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70 % (CHBr3). Of a total global CHBr; flux of 10 Gmol Br yr, the open ocean contribution
was calculated to be 19 %, while of a global CH,Br, flux of 3.5 Gmol Br yr*, 17 % were open
ocean emissions. However, these estimates include large uncertainties, because they are
only based on seven cruises. The cruise that covered the Atlantic did not cross the Atlantic
upwelling systems, which leads to the low estimated Atlantic contribution. Quack and
Wallace (2003) assessed a similar global CHBr; flux of 10 Gmol Br yr* with 29 % coming
from the open ocean. Total emissions of CHBr; reported so far range between 4.8 (Pyle et
al., 2011) from a top-down approach and 10.3 Gmol Br yr* (Yokouchi et al., 2005; O'Brien et
al., 2009) both from bottom-up approaches.
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Figure IlI-1. Contributions of different open ocean regions to emissions of CHBrz and CH2Br, (warm colors
— tropical regions, cold colors —temperate and polar regions). Modified from Butler et al. (2007).

Elevated concentrations in open ocean regions with enhanced biological activity, and
correlations of CHBr; and CHyBr, with chlorophylla (Chla) found in several studies
supported first suggestions of an additional microalgal source that would explain the open
ocean contributions to emissions of these compounds (Fogelqvist, 1985; Class and
Ballschmiter, 1988; Krysell, 1991; Klick and Abrahamsson, 1992; Moore and Tokarczyk,
1993; Schall and Heumann, 1993). Tokarczyk and Moore (1994) conducted the first
incubation study investigating halocarbon production with warm and cold water
phytoplankton species. Halocarbon production seemed to be species dependent: of 10
investigated species, only two diatom species produced CHBr; and CH,Br,. Diatoms were
then the focus of all mono-cultural incubation studies of CHBr; and CH,Br, (Moore et al.,
1996; Cota and Sturges, 1997; Hill and Manley, 2009; Hughes et al., 2013). Some other algal
species have been linked to CHBr; and CH,Br, production in the field by correlating
environmental measurements with phytoplankton pigments and -groups. These include
among others cyanobacteria (Quack et al., 2007a; Karlsson et al., 2008), chlorophytes and

prymnesiophytes (Raimund et al., 2011).
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as a result of their biological
production. The distribution of CHBr; and CH,Br, depends on several factors such as
production and sink processes, advection and diapycnal mixing. Many uncertainties exist in
how these factors come together to form the observed profiles.
It is generally assumed that CHBr; and CH,Br, have related sources (Moore et al., 1996;
Schall et al., 1997; Quack et al., 2007a; Karlsson et al., 2008), which supposedly leads to
very good correlations of oceanic CHBr; with CH,Br,. The ratio of CHBr; to CH,Br; leans
towards CH,Br, with increasing distance from the source. A possible explanation is that the
half-life of CH,Br, is longer than the half-life of CHBrs, which has not been verified yet.
Carpenter et al. (2009) offered the explanation that photolysis of CHBr; is faster than CH,Br,
(Carpenter and Liss, 2000). An alternative explanation was proposed by Hughes et al. (2013)
who found evidence for biologically-mediated production of CH,Br, from CHBTrs3.

1.1.1.2.3. Formation of CHBr; and CH,Br,

The formation of CHBr; and CH,Br, is governed by haloperoxidases which contain iron-heme
or vanadium as a cofactor. Chloroperoxidases (CPO) can, in this order, oxidize iodide (I"), Br
and chloride (CI), bromoperoxidases (BPO) oxidize I and Br’, while iodoperoxidases (IPO)
only oxidize I'. Haloperoxidases with vanadium as cofactor are present in red and brown
macroalgae (Wever and Krenn, 1990; Butler, 1998), while green algae and diatoms contain
also iron-heme haloperoxidases (Wever and Krenn, 1990; Moore et al., 1996; Hill and
Manley, 2009). The location of CHBr; and CH,Br;, production, in- or outside of the cells, is not
completely clear yet. Mtolera et al. (1996) and Manley (2002) suggested for example
intracellular production due to the location of the haloperoxidases in the chloroplasts.

Theiler et al. (1978) investigated the formation of halocarbons using BPO from the red

macroalga Bonnemaisonia hamifera. With 3-oxooctanoic acid, hydrogen peroxide (H.O,) and
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Br’, they found both CHBr; and CH,Br, at pH 7.3 with a formation ratio of 10:1. BPO has also
been demonstrated to be involved in CHBr; and CH,Br, formation from phytoplankton
(Moore et al., 1996). BPO can brominate B-diketones and (-ketoacids to a polybrominated
ketone which can form CHBr; and CH,Br, by hydrolysis (Theiler et al., 1978; Beissner et al.,
1981). This is shown in the following example for CHBr3, reacting in the final step to hexanoic
acid.

co,

\/

/\ Br
Enzyme - Br BPO Enzyme J_/_B><Br
H;C

. 7
TN

H,0, + Br 2HO

(reaction equation 5)

CHBr,

(reaction equation 6)

An alternative extracellular pathway of CHBr; and CH,Br, production involves DOM in
seawater. Wever et al. (1991) investigated vanadium containing BPO that could react to
HOBr which is then released by the algae. How much of this is released, is not known. This
would yield CHBr; and CH,Br, in the reaction with DOM present in seawater (Lin and
Manley, 2012) according to reactions 3 and 4. CHBr3 is in comparison to CH,Br, the main
product of this pathway as well. The production rate at which CHBr; and CH,Br, are formed
from DOM does not only depend on how much HOBFr is present, but is also regulated by the
quantity and quality of the available DOM (Lin and Manley, 2012).

The function of the haloperoxidases within the macro- and microalgae is still unclear.
Halocarbon production has been linked to stress. For instance, Gschwend et al. (1985)
proposed that macroalgae use CHBr; and CH,Br, to protect themselves from grazing/as
epiphytic control, later supported by other studies (Nightingale et al., 1995; Paul et al., 2006).
Other examples of stress factors that lead to halocarbon release may be changes in pH, as
well as changes in light intensities (Mtolera et al., 1996). The connection to higher light

intensities might be a result of the potential function of halocarbons to scavenge harmful



18 Introduction

reactive oxygen species (ROS) such as H,O, out of the cell. These are produced during
photosynthesis, photorespiration and respiration (Collén et al., 1994; Pedersén et al., 1996).
H,0, is produced within the algae by the Mehler reaction, in which ferredoxine reacts with
oxygen (O,) to yield the superoxide radical (also part of ROS), which then reacts to H,O, with
the help of superoxide dismutase (Falkowski and Raven, 2007).

The relationship between photosynthesis and H,O,, as well as between H,O, and macroalgal
CHBrs/CH,Br, formation has been assumed to lead to diurnal cycles (Pedersén et al., 1996;
Goodwin et al., 1997a; Ekdahl et al., 1998; Marshall et al., 1999; Carpenter et al., 2000). It
was hypothesized that the production of H,O, is intensified with increased irradiance, and the
de-novo formation of CHBr; and CH,Br, following is quite rapid. However, night production in
lower rates during respiration has been observed as well (Pedersén et al., 1996). Diurnal
cycles CHBr; and CH,Br, from microalgae were only observed in the field in one study
(Abrahamsson et al.,, 2004b). Similarly, seasonal cycles of CHBr; and CH,Br, could be
expected due to seasonal changes in biomass and variability in irradiance. Increasing
oceanic CHBr; and CH,Br;, concentrations in summer have for example been observed in the
Baltic Sea (Orlikowska and Schulz-Bull, 2009).

1.1.2. Sinks

Sinks for CHBr; and CH,Br, include hydrolysis, reductive dehalogenation, halogen
substitution, and photolysis, as well as air-sea gas exchange (Class and Ballschmiter, 1988;
Quack and Wallace, 2003; Carpenter et al., 2009). Loss due to air-sea gas exchange may
well be one of the most important loss processes for these two compounds.

Hydrolysis is a sink for both CHBr; and CH,Br, (see example for CHBr; in reaction equations
7 and 8). Their half-life due to this sink is hundreds to thousands of years in cold water, and it

decreases with increasing temperature (Mabey and Mill, 1978; Vogel et al., 1987).
CHBr;+OH — CBr3+H,0 (reaction equation 7)

_CBr3—>CBr2+Br' (reaction equation 8)

Reductive dehalogenation mediated by bacteria is a sink for both CHBr; and CH,Br, (Bouwer
and McCarty, 1983; Bouwer et al., 1981; Goodwin et al., 1997b) might be associated with
anoxic conditions (Vogel et al., 1987). Transition metal complexes, e.g. containing iron,
cobalt or nickel, found in enzymes have been proposed as electron donators in this process
(Mohn and Tiedje, 1992).

Halogen substitution of bromine with sea water chlorine in CHBr; has been suggested to
produce dibromochloromethane (CHBr,Cl) and bromodichloromethane (CHBrCI,) (Class and

Ballschmiter, 1988) (reaction equations 9 — 11).
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CHBr3+ClI—CHBr,CI+Br (reaction equation 9)
CHBr,CI+ClI —CHBrCI,+Br (reaction equation 10)
CHBrCl,+ClI—-CHCI3+Br (reaction equation 11)

A similar process for CH,Br, can be expected, yielding bromochloromethane (CH,BrClI). The
half-life of CHBr; due to halogen substitution is similar to hydrolysis dependent on the water
temperature, ranging between 5 (25 °C) and 74 (2 °C) years (Geen, 1992).

Photolysis may be the fastest of the mentioned chemical sinks. Carpenter and Liss (2000)
calculated a half-life of approximately 9 years for CHBr; due to photolysis for a mixed layer of
100 m. This may be much shorter, less than a year, for shallower mixed layers (Liu et al.,
2011). The shorter half-life of CHBr3; than of CH,Br, indicated by the relationship described in
section 1.1.1.2.2. may be a hint for a longer photolysis of CH,Br, than of CHBr; (Carpenter et
al., 2009). The half-lives of CHBr; and CH,Br, with regard to the other sinks are assumed to
be similar. Then, photolysis of CHBr; needs to be faster than photolysis of CH,Br, to explain
the observed relationship only on the basis of bromocarbon sinks. Photolysis in the
agueaous phase is generally characterized by an O-H-insertion reaction of CHBr; with water
producing CHBr,OH (reaction equation 12) (Kwok et al., 2004).

CHBr3+2H,0—CHBr,OH+HBr+H,0 (reaction equation 12)

Similarly to CH,l, (Jones and Carpenter, 2005), the photolysis of CH,Br, would lead to
CH,BrOH and HBr (reaction equation 13).

CH5Bry,+H,0—CH,BrOH+HBr (reaction equation 13)

Hughes et al. (2013), who conducted experiments with labeled CHBr3;, found evidence for
biologically-mediated production of CH,Br, from CHBr; in diatom cultures. This is suggested
to be an important source for CH,Br,, and is an additional sink for CHBr; that is potentially
faster than the other sinks mentioned, which would also explain the relationship of CHBr; to
CH,Br, in surface water. Additionally, bacterial oxidation of CH,Br, to CO, with a half-life of

two days was observed in the lab (Goodwin et al., 1998).
1.2. Methyl iodide in the ocean

Terrestrial sources of CHsl include rice paddies, wetlands, biomass burning, and plants,
providing about 0.6 — 0.9 Gmol | (CHsl) yr* to the global iodine budget (Bell et al., 2002). It
has widely been acknowledged to be the most common organiodine in the marine
atmosphere (Saiz-Lopez et al., 2012). Elevated atmospheric CH;l towards lower latitudes
has been found both in the tropical Atlantic and Pacific above open ocean regions (Chuck et
al., 2005; Butler et al., 2007; Yokouchi et al., 2008), hence the tropical ocean may be an

important source region for CH;l (Richter and Wallace, 2004; Jones et al., 2010).
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1.2.1. Marine sources

Different hypotheses have been established for the production of CHsl in seawater. Apart
from biological production from macroalgae, phytoplankton and bacteria, photochemical

pathways have been proposed.
1.2.1.1. Biological production

Macroalgal production of CHzl was first suggested by Lovelock (1975) who measured largely
elevated CHsl concentrations in the vicinity of a Laminaria digitata kelp bed in the North
Atlantic. Further macroalgal species were shown to produce CHgl in the field (Gschwend et
al.,, 1985). Manley and Dastoor (1987) demonstrated CHjl production from culture
experiments with a kelp species, and calculated a global production of 1.6 Mmol | (CHal) yr*
from kelp beds. Since this was less than 0.1 % of the annual global emissions (Singh et al.,
1983), macroalgae were not considered the dominating source of CHal.

Manley and Dastoor (1987) suggested several production pathways for CHzl: 1) similar
production of CHs;l as CHBr; and CH,Br, using haloperoxidases, although Theiler et al.
(1978) proposed only polyhalogenated compounds to be produced this way, hence this does
not seem plausible, 2) The reaction of dimethylsulfonium compounds with halides, which has
been suggested by White (1982) (reaction equation 14), as well as 3) microbial production by

bacteria associated with the kelp.

H3C\
+ -
—_— | —_—
Sa_ O OH+ I ——— HC—
HsC
(reaction equation 14)

Several other molecules, e.g. methyl sulfonium compounds (Urhahn and Ballschmiter, 1998)
and s-adenosyl-L-methionine (SAM) (Wuosmaa and Hager, 1990), can act as the methyl
source (Wuosmaa and Hager, 1990). Additional compounds, for example dimethyl
sulfoniopropionate (DMSP) (White, 1982), that could provide the methyl group may be
produced from dimethyl sulfide (DMS), which is a trace gas produced by several
phytoplankton species throughout the world (Lana et al., 2011). From these compounds,
SAM-utilizing methyl transferase may be most significant for methyl halide production in
algae (Manley, 2002). Its function is not clear, although it was suggested that it may regulate
halide ions in the cell, or methyl halides may act as allelopathic chemicals (Itoh et al., 1997).
Furthermore, it was suggested that methyl halide production is only a byproduct or might
happen by “accident”, which might apply to the other halocarbons as well (Manley, 2002).

Yokouchi et al. (2014) proposed a mechanism for production of CHzl in marine algae (Figure
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utilizing methyl transferases (Yokouchi et al., 2014) and Dastoor (1988) estimated a global
production from decaying kelp tissue of 2.4 Gmol (CHsl) | yr'’. Bacterial production of CHsl
was confirmed later in the lab (Amachi et al., 2001; Fuse et al., 2003). Bacteria may also be
involved indirectly in the formation of CHsl. Manley (1994) proposed a formation pathway
using methylcobalamin (CH3-B1y), which is a product released by bacteria to seawater

(reaction equation 15). The global significance of this source is unclear.

CH3—B12(CO3+)+I'—>CH3I+B123(CO+) (reaction equation 15)
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global contribution from macroalgae of 4.8 Mmol (CHsl) | yr'* (Manley et al., 1992). Although
the estimates from phytoplankton were larger than the estimated production from macroalgal
species, this contribution would still be globally insignificant. However, following this, it was
found that certain phytoplankton species seemed to produce CHg;l in much larger amounts
than previously reported species (Scarratt and Moore, 1999), thus global estimates based on
just few species that have been shown to produce CHsl (Manley and de la Cuesta, 1997)
may be flawed. The differences in the reported CHsl-production might not only be species
related. Although it was often hypothesized that light stress might increase the production of
CHizl, this could not be observed in incubation studies (Scarratt and Moore, 1999; Hughes et
al., 2006), leading to the conclusion that in contrast to CHBr3; and CH,Br,, production of CHal
in phytoplankton is not related to protection from oxidative stress.

Additionally, largely elevated concentrations of CHsl South of 40° N in the Atlantic were found
to correlate well with Prochlorococcus abundance (Smythe-Wright et al., 2006). From these
measurements, a contribution of 4.2 Gmol (CHsl) | yr* to the global flux of iodine was
estimated. This source would be one order of magnitude larger than the flux calculated by
Manley and de la Cuesta (1997). Subsequent incubation studies with Prochlorococcus
indicated much lower production rates leading to a contribution of 0.6 Mmol (CHsl) | yr*, only
accounting for 0.03 % of the global CH;l production (Brownell et al., 2010). Hughes et al.
(2011) suggested that the difference in CHsl production from Prochlorococcus in the former
two studies may be explained by the physiological state of the CHsl-producing cell.

1.2.1.2. Photochemical formation

The large discrepancies in reported production rates from macro- and microalgae are unable
to close the global CHzl budget (Bell et al., 2002), which may be explained by additional
sources. Moore and Zafiriou (1994) conducted incubation experiments suggesting the
photochemical production of CHsl. The most probable reaction mechanism in their opinion is

radical recombination.
CH3 -+ -1 - CHjsl (reaction equation 16)

The methyl radicals were suggested to be a result of photolysis of humic matter from DOC,
but these radicals have very short lifetimes due to a very rapid reaction with O, (Zafiriou et
al., 1990).

CHj - +O,—CH300 - (reaction equation 17)
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The concentration of the iodine radical has to be much larger than the concentration of the
methyl radical to favor reaction equation 16. The source of the iodine atoms is supposedly
photochemically oxidized I'. The best oxidant in halide oxidation seem to be one electron
oxidants, e.g. OH radicals, and two electron oxidants, e.g. H,O, (Luther, 2011). Other
production pathways for photochemical production of CHsl might exist that solve the problem

0
100
200
300
400

regarding the very short lifetimes of the
methyl radical due to the very rapid reaction
with O,. Wong and Cheng (2001) suggested

the involvement of dissolved organic iodine

)
S 500 . : .

5 —— (DOl in the photochemical formation: methyl-
£ 1000 Baldridge and iodine radicals may be formed in very
2000 —o0— Station 49 o N

—=&- - Station 72 close proximity to each other providing a
3(m '.b. StationSI . -y . . .
4000 * —&— Station 84 possibility for the iodine radical to compete
001—T—T T T T T T T 1 with oxygen for the methyl radical due to the

3 06 09 12 1.5 1.8 2.1 24 27 30
00 03 05 presence of DOI.

CH,I (picomoles kg") Happell and Wallace (1996) measured large
Figure I11-5. CHal profiles from the tropical Atlantic Oversaturations of CHsl in tropical ocean
(Happell and Wallace, 1996) regions without large biological activity.
Typical depth profiles were characterized by pronounced maxima in the surface (Figure 111-5).
Photochemistry was hypothesized to be the main reason for the large supersaturations and
surface maxima, supported by the good linear relationship of CHsl concentration with
photosynthetically active radiation and the undersaturation in the polar region. Furthermore,
the distribution of CHs;l in tropical surface water and additional incubation studies using
filtered seawater supported the hypothesis that photochemistry might play an important role
for CHsl emissions from the tropical ocean (Richter and Wallace, 2004; Jones et al., 2010;
Shi et al.,, 2014). Bell et al. (2002) modeled the global surface water distribution of CHsl
assuming photochemical production, which proved to be more consistent with the global
budget than direct biological sources. From the total global flux of CHgl of 2.4 Gmol | yr,
including oceanic, terrestrial and anthropogenic emissions, 70 % were due to photochemical
oceanic production. However, photochemical production of CHsl may not be completely
independent of biology, since phytoplankton and bacteria are involved in the release and

degradation of DOC (Nagata, 2000).
1.2.2. Sinks

Sinks for CHsl include photolysis, halogen substitution with CI, hydrolysis, and sea-to-air flux.
Although sea-to-air flux is often assumed to be the dominant sink of CHal, the substitution

with CI" competes with the flux in warm waters. Jones and Carpenter (2007) proposed that at
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low wind speeds and high temperatures, the substitution reaction is the most dominant loss
process, while high wind speed regimes favor air-sea gas exchange as the main sink in the
tropical ocean. Zafiriou (1975) suggested that CH;Cl may be produced by the reaction of CI
with CH3l with a half-life of approximately 20 days at 19 °C.

CH3+ClI'—-CH3CI+I (reaction equation 18)

Zika et al. (1984) compared the substitution of I with CI" with the photolysis in seawater, and
concluded that the influence of photolysis on the CHsl concentration is very low in
comparison to the nucleophilic substitution reaction. Photolysis could be of more significance
in high latitudes during summer time due to the slower rates of reaction 18 with increasing
latitude. Reaction 18 is strongly temperature-dependent with half-lives between thousands of
days in cold water and only 6 days in tropical surface water.

The rate constants of hydrolysis of CHsl (reaction 19) in sodium chloride solution determined
by Elliott and Rowland (1995) yield half-lives from 1600 days at 25 °C to 4000 days at 5 °C.

CH3l+H,0—CH3;OH+H" +I (reaction equation 19)

Furthermore, Moore (2006) determined “non-chemical” losses in incubation experiments due
to unknown loss processes. These could potentially contribute <1 to 15 % per day. Possible

additional loss processes could be biologic activity or secondary photolytical sink pathways.
1.3. Diiodomethane in the ocean

CHa,l, has long been believed to be much less abundant in the atmosphere than CHsl, and
consequently to not contribute as much to the global atmospheric iodine load (Giese et al.,
1999) due to its very rapid photolysis in seawater (Jones and Carpenter, 2005; Martino et al.,
2006). However, more recent studies have suggested that, together with Chloroiodomethane
(CH.CII), it may contribute as much organic iodine to the atmosphere as CHsl (Jones et al.,
2011; Yokouchi et al., 2011; Saiz-Lopez et al., 2012).

1.3.1. Marine sources

Similarly to the other three halocarbons, CH,l, is suggested to originate from biogenic
sources. Previous studies found largely elevated concentrations of CH.l, in coastal regions
(Klick and Abrahamsson, 1992; Schall and Heumann, 1993; Carpenter et al., 1999; Jones et
al., 2009), sometimes even exceeding CHBr; (Klick and Abrahamsson, 1992). Indeed,
incubation studies with temperate and tropical macroalgae showed that CH,l, was among the
most abundant organoiodine compounds released from macroalgae (Pedersén et al., 1996;
Carpenter et al., 2000; Leedham et al., 2013).
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Figure IllI-6. Typical CH2l> profile in the open ocean (a) in proximity evidence for a pelagic source
to the Chl a maximum (b) at the CVOO from June 2010 on the basis of depth profiles
npublished date) with distinct maxima in the
Chl a maximum (see example in Figure 1lI-6). CH,l, was later found to be produced from
diatom cultures in the laboratory (Moore et al., 1996), but partly from different species than
CHBr; and CH,Br,, which was suggested for macroalgal production as well (Schall et al.,
1994). Since then, CH.,l, has been found in the open ocean during few more field studies
(Yamamoto et al., 2001; Abrahamsson et al., 2004b; Carpenter et al., 2007; Jones et al.,
2010). Archer et al. (2007) observed a seasonal cycle for CH,l, concentrations with maxima
in spring and fall linked to the phytoplankton biomass. Similar observations regarding the
seasonality of CH,l, were also made in the Baltic Sea. Its seasonality was hypothesized to
be strongly influenced by its very rapid photolysis (Orlikowska and Schulz-Bull, 2009).
Martino et al. (2006) modeled depth profiles with only mixed layer production in the Chl a
maximum and photolysis as major sink. From this, they suggested that CH,l, cannot be
measured in tropical surface water. However, Jones et al. (2010) detected CHyl, in low
concentrations in surface water of the tropical Atlantic. Additionally to formation from macro-
and microalgae, bacterial production of CH,l, was reported (Fuse et al., 2003; Amachi et al.,
2005).

Although Collén et al. (1994) did not find increased production of CH.l, after addition of H,O,,
its production was still hypothesized to being linked to oxidative stress later on. Kiipper et al.
(1998) suggested that I' can be oxidized via mediation by e.g. BPO and IPO, producing HOI
and finally I,. The involvement of BPO and IPO in CH,l, formation was also found by Moore

et al. (1996).
I'+H,0,HOI+OH" (reaction equation 20)
HOI+I"—l,+H,0 (reaction equation 21)

HOI can than react with DOM to CH,l,. The production of HOI may take place within the cell,
while CHj,l, is supposedly formed outside by haloform-type reactions (Carpenter et al., 2005)

similar to the proposed reactions that yield CHBr; and CH,Br.
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Abiotic formation of CHsl, from ozonation of seawater with DOM has also been observed in
the lab (Martino et al., 2009). Ozone (O3) reacts with I" in surface seawater.

O3+l +H,O—HOI+0O,+0OH" (reaction equation 22)
HOI+I < l,+OH" (reaction equation 23)

HOI and I, can further react with DOM. Some parts of the reaction products disproportionate
into I' and iodate (I03). This process could be of large significance in the oceanic

microsurface layer, although its impact on surface concentrations of CH,l, is unknown.
1.3.2. Sinks

Hydrolysis with a very long half-life is also a potential sink for CH,l,. Additionally, Class and
Ballschmiter (1987) suggested a nucleophilic halogen exchange reaction to yield CH,CII
induced by light.

CHsl,+ClI —CH,CII+I (reaction equation 24)
However, the observed production of CH,CIll by halogen exchange might also have been the
result of photolysis of CH,l,. Photolysis was investigated further by Jones and Carpenter
(2005) who suggested that the photolytic destruction of CH,l, yields 35 % CH,CIl, which
could be the main source of this compound. The following pathway was suggested by Jones
and Carpenter (2005) and references therein. The photolytical breakdown of CH,l, leads to a
recombination of the photofragments to form a C-I-l linkage, and the photoisomer is then

broken down by a water-catalyzed O-H-insertion reaction.

CH,lCHol - + - [-CH,l — | (reaction equation 25)
CHsl — I + H,O—CH5IOH+HI (reaction equation 26)
CH5I0OH—H,CO+HI (reaction equation 27)
H,CO+H,0—CH,(OH), (reaction equation 28)

For the formation of CH,CII two pathways were suggested: 1) CI" may react directly with the
CH,l radical photofragment. 2) CI" could attack the photoisomer, or a direct reaction of CI
with the photoisomer ion could be possible.

The amount of the CH,l, present in the water column is strongly impacted by its photolysis
(Martino et al., 2006; Jones et al., 2010). CH,l, was suggested to have a half-life of less than
10 min in the surface ocean, making photolysis its most significant sink (Jones and
Carpenter, 2005; Martino et al., 2005).
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2. Air-sea gas exchange

Air-sea gas exchange may be one of the most important sinks out of the mixed layer for
CHBr3;, CH,Br, and CHzsl, and may also influence surface concentrations of CH.l,. In cases
where the surface water is not supersaturated, it may also act as a source for these gases. In
bioactive regions, CHBr; and CH,Br, tend to be supersaturated in sea surface water, so
fluxes of these compounds may reduce their mixed layer concentrations (Quack et al., 2004;
Quack et al., 2007b; Carpenter et al., 2009). Due to its potentially very significant
photochemical source, CHsl is mostly supersaturated in lower and middle latitudes with
respect to the atmosphere (Happell and Wallace, 1996; Richter and Wallace, 2004; Jones et
al., 2010). Fluxes may therefore also be an important sink for mixed layer concentrations of
this compound.

Concentration First direct flux measurements
o '
c Turbulent transter of COZ USing eddy covariance
techniques have been
Tnterfu TGl et \IT:LT:]{‘J A, bublished by McGilis et al.
criace — H H
Liquid film /,"; Moleoaler ¥ LU (2001). Since then, this
P P - il ~  technique has been mainly
applied to CO,, but also to
C, Turbulent transfer DMS (Blomquist et al., 2006;
¢ Marandino et al., 2007; Miller et

al.,, 2009) and oxygenated
Figure 1lI-7. Two-layer model of a gas-liquid interface, z is the . .
thickness of the transfer layer (Liss and Slater, 1974). volatile organic compounds

such as acetone and methanol
(Yang et al., 2013a; Yang et al., 2013b). No such measurements exist for CHBrs, CH,Br»,
CHsl or CHyl,, since these analytical techniques have not been developed yet. The
parameterization of air-sea gas exchange has proven to be very difficult (Wanninkhof et al.,
2009). One example for a gas-liquid interface model to parameterize gas exchange is the
two-layer model proposed by Liss and Slater (1974) (Figure 111-7).
The air-sea interface is considered as a flat and solid boundary with stagnant mass boundary
layers on the gas- and water side (Garbe et al., 2014). The transport near the interface on
the water side supposedly takes place by molecular diffusion. The air-sea gas exchange is
generally described with F as the flux across the interface, k as the compound specific

transfer coefficient and Ac as the air-sea concentration gradient (Liss and Slater, 1974):

F=k-Ac (equation 1)
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The compound specific transfer coefficient k depends on the degree of turbulence in the
fluids on both sides of the interface, and the chemical reactivity of the gas in both the gas
and liquid phase. Equation 1 can also be written as:

F=ky (cg—csg) =ki (Csy—C)) (equation 2)

In this equation, K, is the gas transfer coefficient for the gas phase, while k; is the gas transfer
coefficient for the liquid phase, c4 is the gas phase concentration, cs iS the gas phase
concentration at the interface, C, is the liquid phase concentration, and Cg is the
concentration at the air-sea interface in the liquid phase. The interface concentrations are
corrected for their solubility or the degree of disequilibrium between the two phases,
respectively (Nightingale, 2009), using the Henry’s law coefficients H. Then, equation 2 can

be written as:

F=Ky-(cq—H-C) =K (- C) (equation 3)
Kyand K, are expressed in these equations as total air resistance:

— =42 (equation 4)

—=—+ (equation 5)

Sander (1999) compiled a set of

Compound Henry's coefficient dimensionless Henry’s law coefficients for

several gases. The ones of the four gases

—4973

CHBr; eT+273-15+13'16 are summarized in Table Ill-1 as
CH,Br, (T:;tfls)ﬂm determined by Moore and co-workers

¢ (Moore et al., 1995a; Moore et al., 1995b)
CHal e(Tﬁzis)*”'” with T for temperature.

5006 The gas-transfer coefficient depends on
+12.77
CHzl, 7319 the molecular diffusion of the gas in the

Table IlI-1. Henry’s law coefficients for CHBrs;, CH2Br», water and gas phases. If the diffusion is
CHal and CH;l.. very slow in the water, k, is used and k,
can be neglected, while ky needs to be considered if the resistance in the gas phase is
strong. Gases whose solubility in water is very low are water-side controlled. Then, the

coefficient k,, is taken as estimation for K, (Nightingale, 2009):
F=lk(2-C) (equation 6)

The uncertainties in the calculation of the water side controlled transfer coefficient for

halocarbons are large due to different approaches for the approximation of their diffusion
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coefficients, which can only be estimated. The addition of an air side resistance could reduce
the overall transfer coefficient for soluble gases (Archer et al., 2007). The uncertainties that
come along with the inclusion of air side resistances for heavier halocarbons, which are
slightly water soluble, are very large (Quack, personal communication). They have to be
parameterized using the transfer coefficient of water (evaporation), which varies with
changing meteorological conditions (Isemer et al., 1989; Fairall et al., 2003; Bumke et al.,
2013). The application of an algorithm such as TOGA COARE (Fairall et al., 2003) requires a
wide set of meteorological parameters, for example air temperature and specific humidity
profiles, solar irradiance, downwelling longwave irradiance, and precipitation, that is often not
measured. The large uncertainties in deriving the fluxes of these compounds by using
parameterizations, both including liquid side and additionally gas side, can only be reduced
by the development of direct flux measurement techniques. Since the inclusion of the air-side
would add to the uncertainties that come along with the air-side-parameterization, equation 6

was used to calculate sea-to-air fluxes for these four halocarbons.

. AT Nof ”
Parameters Processes Kinematic Quantities
S Farcing (For Example CO,)
— ( Micro Breaking |
Wind | — - -
p. - ¢ Small Scale ™ ( Turbulenca | Transfer Fartial
—— Turbulance jl iI|J- tI'I|J9 Air J Velocity Pressure
Hoat Flux | . k Differance
-

Large Scale \I — ApCO,
Turbulance ‘
- —t— —— 5 | ——

Fetch Turbulenca
L j Waves in the Water

Mixing Depths Bubbles, Spray \“ /

Dynamics at Air-Sea CO, Flux

Chemi. 7 Biol. the Interface

Proparies

Surface Films

Figure IlI-8. Factors influencing the air-sea gas exchange of CO2, modified from Garbe et al. (2014).

To calculate F here, the wind-speed dependent parameterization of k, poposed by
Nightingale et al. (2000) was used, albeit it may leave out factors that would increase the
resistance of one of the two sides. Factors that influence the sea-to-air fluxes of e.g. Carbon
dioxide (CO,), and presumbly also of the four gases covered here, are summarized in Figure
1I-8 (Wanninkhof et al.,, 2009; Garbe et al., 2014). The range of measured and
parameterized transfer coefficients at very low and high wind speeds is large because they
do not consider all these factors (Wanninkhof et al., 2009). Nightingales parameterization
(equation 7) is based on a dual tracer method using SF6 and helium-3, and lies well within
the range of the fit of all dual tracer data by Ho et al. (2011). Equation 7 is expressed for a
Schmidt number Sc of 600 (CO,, 20 °C, fresh water (Nightingale, 2009)) with ujoy as the

wind speed at 10 m.

k600 - 0222 . u%om + 0333 * ulom (equatlon 7)
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Sc describes the viscosity

Compound SCnai of seawater, which
CHBr, Y depends on temperature,
1.93-10° -T% +1.686-107 -T +4.0342-10°° salinity and density, in

CH,Br, \% relation to the molecular

2.23-107-T? +1.9699-1077 - T +4.71321-10° (diffusivity of the

CHal v compound, also
2.5-107°-T? +2.199-107 - T +5.2612-10°°

temperature  dependent.
Vv They were determined as

CH-l
22 2-10°-T*+1.76-107 . T+42-107° a mean between the

methods of Hayduk and
Laudie (1974) and Wilke

and Chang (1955) with v as the kinematic viscosity for different temperatures, which finally

Table llI-2. Schmidt numbers for all four halocarbons

yields Scy, for each compound (Table 111-2).

Since the diffusion coefficients for CHBr;, CH,Br,, CHsl and CH,l, are not known, they have
to be estimated from the relation of Sc = 600 of CO, to their Sc with a power law dependence
(Nightingale et al., 2000). The parameterization was converted using a power law
dependence of -0.5 at wind speeds above 3.6 m s according to Quack and Wallace (2003)

and references therein:

1
099 )2 (equation 8)

keoonar = Keoo * (Schaz

Hence, the final equation from which sea-to-air fluxes in this thesis were derived is with

direction from the ocean to the atmosphere:

C .
F = keoonar " (1 =) (equation 9)

o 3. Atmospheric bromo- and
Compound Local lifetime [days]

iodocarbons
CHBr; 24
CHBr; and CH,Br, are the largest contributors to
CH3Br, 123 atmospheric organic bromine (Penkett et al.,
1985; Hossaini et al., 2012), while CH;l and
CHl ! CHal, are significant contributors to atmospheric
CH.l, 0.003 organic iodine (Saiz-Lopez et al., 2012). These
compounds take part in numerous chemical
Table lI-3. Local lifetimes of the four

halocarbons (Montzka and Reimann, 2011).
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processes in the troposphere, and they have been shown to be even important for
stratospheric processes. Their lifetimes (Table I1I-3) are very short with iodocarbons having
shorter lifetimes than bromocarbons (Montzka and Reimann, 2011).

3.1. Chemical fate

3.1.1. Bromocarbons

Atmospheric CHBr3; and CH,Br,

undergo numerous chemical

Decreased O, through catalysis
involving BrO + CIO and BrO + HO,

Longer-lived bromocarbons and decomposition products Lowermost

transformatlons The general of shorter-lived bromocarbons + sunlight + OH — BrO stratosphere
pathway of bromocarbons from fropopause 2
Decomposition of shorter- Troposphere

the ocean to the atmosphere is lived bromocarbons

Convective
outflow

illustrated in Figure 111-9. Once Decreased O,
by direct and Bromocarbons + sunlight + OH — BrO
CHBr; and CH,Br» are

indirect effects
transported into the

Heterogeneous recycling of inorganic
bramine on cloud and aerosol surfaces

Deep convection

Bromocarbons produced by marine algae

atmosphere, they are ‘n
Tropical ocean

decomposed rather rapidly.

The contribute to the _ _
y Figure 111-9. Bromocarbons degrade on their way into the

production of bromine oxide stratosphere. The decomposition products can react with e.g.
clouds to form BrO which further can take part in ozone chemistry
(BrO), which is involved in in the stratosphere (Salawitch, 2006).

ozone chemistry in both the troposphere and stratosphere (Salawitch, 2006). Tropospheric
O3 can be reduced from 5 to 30 % from CHBr; and CH,Br, due to two processes: direct
catalytic loss of O reacting with BrO, and/or reduced O; production as a result of decreased
levels of nitrogen (Yang et al., 2005).

CHBr; and CH,Br, are oxidized by OH or Cl, or they are photolyzed. CH,Br, tends to react
mainly with OH, while photolysis is the most important loss process for CHBr; (Ko and
Poulet, 2002). Both further react very rapidly with O,. Following this, the peroxy radicals that
are formed, react with nitric oxide (NO), nitrogen dioxide (NO,), the hydroperoxyl radical
(HO,) and the methyldioxy radical (CHs0,) (Krysztofiak et al., 2012). The major degradation
products from CHBr; are carbonyl bromide (CBr,O) and formyl bromide (CHBrO), which are
then further photolyzed. Photolysis of these products yields HBr, HOBr and BrO, together
considered as Bry. Similar reactions are assumed for CH,Br,. The major degradation product
of CH,Br; in the troposphere is CHBrO, which is produced during photolysis (Hossaini et al.,
2010; Krysztofiak et al., 2012, and references therein). It is generally acknowledged that
these processes are faster for CHBr; than for CH,Br, (Table 11I-3). Ozone destruction

involving Br, has been shown to be 45 times more effective than chlorine due to its larger
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reactivity (Daniel et al., 1999). Catalytic ozone destroying reaction cycles involving Br,
include cycles 2, 4, 6 and 8 (the odd-numbered cycles only involve chlorine) (Figure 111-10).

s [ s |
£ Br+0, —> O, +BrO N £ NO+0, —» 0,+NO, -
g +/' Br+ClO, g +M/' BrONO, + M
T C+0, —> 0,+CIO0 l+M T Br+0, —> O,+Br0 l+hv
NS o g
ig - c+0,+M ;;g 4 Br+ NO,
Y8 s l+hv
g 8
g g NO+0,
N N
s L Net: 20,—> 30, = L Net: 20,—> 30,

Net: 20,—> 30, Net: O, +0 —> 20,

=
‘%’ OH+0,—> O,+HO, \ 5y Br+0, —» O,+Br0 \+‘O
E +_' HOBr+O S
Y £ 2 o P Br+O,
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Figure IlI-10. Catalytic ozone destroying cycles with involvement of bromine according to Daniel et al.
(1999). M indicates a catalyzer.

3.1.2. lodocarbons

CHsl and CH,l, have much shorter lifetimes than CHBr; and CH,Br, (Table 1lI-3), are very
rapidly photolyzed, and then take part in several atmospheric chemical processes (Figure
[-11).
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Figure IlI-11. Schematic of the atmospheric iodine photochemistry (Saiz-Lopez et al., 2012) with X and Y
as halogen atoms and SOI standing for soluble organic iodine.

QOcean

The atmospheric photodissociation of CHsl and CH,l, forms CH,l radicals and iodine atoms.
lodine atoms can react with O to form iodine oxide (I0). Together, | and 10 are called active
iodine (10,) (Saiz-Lopez et al., 2012). Although it has recently been established that the
major formation pathway for IO might be from inorganic iodine from the ocean (Carpenter et
al., 2013; Grossmann et al., 2013), CHsl and CHo,l, still represent important sources for 1O.
The CHoyl radical can also react with O,, similarly to CH,Br,, to form CH,IO,, and | and IO in
intermediate steps. Reactions of 10, with organics such as DMS (Nakano et al., 2003)
producing DMSO and methyldioxy radicals are also part of the atmospheric iodine chemistry.
Once |0, is produced, it can react again with O, taking part in the tropospheric ozone cycle
where OIO is formed (Vogt et al., 1999; Saiz-Lopez et al., 2012). Solomon et al. (1994)
suggested that iodine could undergo similar ozone destructing cycles in the stratosphere as
chlorine and bromine reacting potentially more efficiently with BrO and CIO. CHzl and CHal,
have also been suggested to be involved in sea-salt and sulfate aerosol formation via the
production of HOI and OIO and its self-reaction to 1,0, has been suggested (O'Dowd et al.,
2002). 1,0, is potentially hydrolyzed and then accumulated in aerosols as I03". HOI can also
rapidly react with CI" or Br" to form ICI or IBr in the sea-salt aerosol. This reaction can initiate

the autocatalytic release of bromine and chlorine from aerosols (Vogt et al., 1999).
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3.2. Transport into the stratosphere

Once they are produced in the
ocean and transported into the

lower troposphere, these

Large-scale ,i .i compounds can further be lifted
ascent I ]

3 - into the upper troposphere, and
2 10 Aﬂrfﬁ%k finally into the stratosphere.
& Some Solomon et al. (1994) and
i cumulonimbus . .
| T~ % ?( clouds Dvortsov et al. (1999) indicated
300 - " penetrate .
; _ﬂ‘x‘“ao ) g stratosphere  that,  besides the  short
| Two-way exchange. . e -
blocking anticyclones atmospherlc lifetimes of the
cut-off cyclones
_tropopause folds T compounds (Table 11-3),
Latitude Fauater significant amounts of CHsl and

Figure llI-12. Stratosphere-troposphere exchange modified from CHBr; could even reach the

Holton et al. (1995). The thick line indicates the tropopause, the stratosphere. With regard to
dark grey shaded area refers to the “lowermost stratosphere”, '

wavy doubleheaded arrows stand for meridional transport by eddy their transport, the tropical
motions

ocean might be a key region
due to convective processes. Tropical deep convection can reach from the surface to up to
15 km, partly reaching the stratosphere. From the tropics, it can be meridionally transported
to higher latitudes via the Brewer-Dobson circulation (Figure 1ll-12). It has been suggested
that tropical deep convection may be more effective in the Indian and West Pacific Ocean
than in the Atlantic (Fueglistaler et al., 2009)
The transport into the upper troposphere and lower stratosphere depends on the speed of
vertical transport in comparison to the chemical destruction and washout of the halocarbons
emitted from the oceans (abbreviated as SGs — source gases) and their destruction products
(abbreviated as PGs — product gases). The atmospheric lifetime plays an important role in
how much of a SG reaches the tropical tropopause layer (TTL). Compounds with longer
lifetimes may reach the TTL in higher concentrations (Montzka and Reimann, 2011). Since
the 2000s, the transport of CHBr; and CH,Br; into the stratosphere has been studied more
thorougly (Sinnhuber and Folkins, 2006; Kerkweg et al., 2008; Laube et al., 2008). Their
projected contribution to Br, differs significantly. Dorf et al. (2008) suggested a stratospheric
Br, amount of 5 ppt from short-lived halocarbons. The modeled contributions from CHBr;
range from 0.7 (Hossaini et al., 2010) to 3 ppt (Aschmann et al.,, 2009). Recent studies
suggest a contribution to stratospheric Br, of CH,Br, equal to CHBr; or more (Liang et al.,
2010; Hossaini et al., 2010; Aschmann and Sinnhuber, 2013). The modeled entrainment of

CHBr; and CHyBr, into the stratosphere in different regions of the tropical ocean suggest
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that, although the West Pacific may be of large significance for the Br, loading, the
contribution by CHBr; and CH,Br; is only moderate, while the contribution from the Atlantic is
even lower (Tegtmeier et al., 2012). Fewer studies exist with regard to the transport of CHjsl
into the stratosphere. It has generally been assumed that only very small fractions reach the
stratosphere due to its short lifetime (Aschmann et al., 2009; Montzka and Reimann, 2011).
As a result of the potential involvement of iodine in stratospheric ozone chemistry, it is crucial
to constrain its contribution to inorganic iodine. Considering its very short lifetime, CHl; is

probably degraded before it can reach the stratosphere.

4. Study regions

It has been hypothesized that the tropical ocean may play a
significant role for halocarbon emissions. Upwelling systems
with enhanced primary production may strongly contribute to
the significance of the tropical ocean with respect to
halocarbon production. Hence, this dissertation focuses on two
oceanic upwelling systems in the tropical Atlantic. Two
campaigns have been conducted in June and July 2011 and
June 2010 in the subtropical and tropical East Atlantic. Cruise
MSM18/3 covered the equatorial Atlantic, while the
Mauritanian upwelling was part of the DRIVE (Diurnal and

Reglonal Variability of halogen Emissions) campaign (Figure

B I L i
w90* 60° 30° WOE 30°E

Figure llI-13. The current system |lI-13).
of the Atlantic with the positions

of the two study regions of this

thesis. Modified from Tomczak

and Godfrey (2005).

4.1. The equatorial Atlantic upwelling

The equatorial Atlantic is characterized by a complex current system (Figure 1llI-14). In the
surface, a westward directed South Equatorial Current (SEC) spreads between 3° N and at
least 15° S, and reaches as deep as 100 m with shallow mixed layers close to the equator
(Tomczak and Godfrey, 2005).
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Figure 1lI-14. The currents in the Tropical Surface Water (TSW) from 0 — 100 m in boreal spring (a) and
boreal fall (b), modified from Stramma and Schott (1999).

The SEC consists of three different branches, which are separated by the South Equatorial
Countercurrent (SECC), the South Equatorial Undercurrent (SEUC), and the Equatorial
Undercurrent (EUC) (Molinari, 1982). The SEUC with eastward direction is located between
3° S and 5° S and can reach the surface layer east of 35° W with westward flow in July and

August (Molinari, 1982; Stramma and
Schott, 1999). The EUC is a narrow
band between 2° N and 2° S flowing
towards the East while reducing
speed. Its core is located at 100 m,
mostly in the deeper Tropical Surface
Water (TSW) and in the shallower
Central Water. The position of the
core follows the seasonal vertical
migration of the  thermocline
(Stramma and Schott, 1999).

The Atlantic Cold Tongue (ACT) is a
known feature in the equatorial
region where SST between 20°W
and 5°W can drop by 5 — 7 °C,
beginning in May and lasting until
September (Weingartner and
Weisberg, 1991) (Figure 1lI-15). The
development of the ACT has several
implications for climate related

o | | - SSTIC)
| s

26

24

22

»
. « v . " ~
[ N
: 41 n ’
- . 4 /
T ¢ [t it
4 .‘ .
.
‘o

W)
o, 26 ..
'_ 4 . \ 4
% ~“. | [t A
24 |, LA \i-i:4
22 5 SIS S .| S S-S S S S R A

Figure IlI-15. SST distribution from 2001 from satellite (a), and
the SST development from 2000 — 2009 in the section marked
by stars (b), and the average annual SST cycle (c). Modified
from Hummels et al. (2013).
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processes due to its coupling with the African Monsoon (Caniaux et al., 2011). It has been
commonly acknowledged that the cooling is linked to the intensifying south-eastern trades in
boreal spring and summer as a result of the northward migration of the Intertropical
Convergence Zone (ITCZ). Its development is usually associated with phytoplankton blooms
in the equatorial region. For example, Grodsky et al. (2008) found a seasonal peak of Chl a
of 0.6 mg m™ in boreal summer. Many uncertainties remain as to the exact mechanisms that
lead to the development of the ACT. Some explanations include advection of cold water
upwelled along the African coast (Hastenrath and Lamb, 1978), vertical advection of
underlying cold water (Voituriez, 1981), and, the most common is the eastern shallowing of
the thermocline (Merle, 1980; Okumura and Xie, 2006). More recently, Jouanno et al. (2011)
suggested that the latter is not the primary reason for the cooling, but rather the strong
increase of the westward SEC (Philander and Pacanowski, 1986) and the maximum shear
above the core of the underlying EUC associated with the ITCZ, confirmed by microstructure
measurements (Hummels et al., 2013). Although the shear is maximal at 0° E, maximum
cooling appears at 10° W due to the strong stratification in the eastern basin of the equatorial
Atlantic (Figure IlI-15). Jouanno et al. (2011) further proposed that the functions of the EUC
include the supply of the background vertical shear to destabilize the upper circulation, and
the continuous carriage of cold water to the subsurface, necessary to compensate

subsurface warming.
N . 4.2. The subtropical North East Atlantic

The wind-driven Canary Current extending from
30°N to 10° N with equator ward direction
(Fedoseev, 1970) and the North Equatorial

20°f

Current represent the south-eastern part of the
North Atlantic Subtropical Gyre. Part of the

Canary Current is the North West African

10°

upwelling system on the African shelf area which

80 | . 18°N
= can be divided into regions with upwelling of
% 40| varying intensity. Between 12° N and 20° N cold
o! - N nutrient rich South Atlantic Central Water
Jan  Apr July  Oct

Figure 1lI-16. Tthe seasonal variability of the
southern boundary of the Canary Current
upwelling system (upper panel) (full dots -
observed upwelling, circled dots — observed
absence of upwelling), the frequency of
occurrence of winds favorable for upwelling
(lower panel), modified from Schemainda et al.
(1975). The yellow mark indicates the season
during which the DRIVE campaign took place.

(SACW), characterized as a straight trend in the
T-S diagram between 5 °C and 34.3 and 20 °C
and 36.0, is brought up to the surface (Tomczak
and Godfrey, 2005). It is transported to the
Mauritanian coast by a poleward directed

undercurrent, which can take place from late
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autumn to late spring with regional differences (Minas et al., 1982; Tomczak, 1982; Hagen,
2001) (Figure 111-16, upper panel). This is induced by the position of the ITCZ and the trade
winds favoring offshore Ekman transport, which leads to upwelling (Mittelstaedt, 1982)
(Figure 111-16, lower panel). In late spring, the ITCZ starts moving northward, resulting in
changing atmospheric conditions south of 20° N. The upwelling consequently starts to cease.
Between Cape Blanc (20.8° N and 17.0° W) and Cape Ghir (30.6° N and 9.9° W), upwelling
of North Atlantic Central Water (NACW), which is warmer, saltier and contains less nutrients
than SACW, (Minas et al., 1982) can be observed throughout the year (Tomczak and
Godfrey, 2005).

5. Objectives and outline of this dissertation

Current research is starting to focus on halocarbons and their impact on atmospheric
processes in the future. However, many uncertainties still exist regarding their formation and
their present emissions. Global estimates of their oceanic concentrations and emissions
have been attempted, but until now, many gaps exist in the knowledge on their global
coverage. The tropical ocean has been identified as a key region, since global estimates
implicate that the tropical ocean is a significant source region for atmospheric mixing ratios of
these compounds (Butler et al., 2007; Jones et al., 2010). The tropical region also plays an

important role in the halogen transport into the stratosphere.
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Figure 111-17. Summary of the processes that are still subjects of great uncertainty that contribute to
halocarbon production and degradation in the tropical ocean as describe above. The numbers at the
processes indicate in which manuscript of the thesis they will be investigated.
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This thesis investigates some of the processes that impact emissions of CHBr3, CH,Br,, CHal
and CHal, from productive tropical regions (Figure 111-17). The compounds distributions and
emissions were investigated during two SOPRAN (Surface Ocean PRocesses in the
ANthropocene) related campaigns (section 4), a project focusing on atmosphere-ocean
interactions of several chemical species. Methods that were used to measure, calculate and
evaluate the campaign data are included in the manuscripts in section V. The main research
foci with regard to the six manuscripts are described in the following paragraphs.

Depth profiles of halocarbons often exhibit clear maxima within the Chl a maximum that often
lie just below the mixed layer. Sea-to-air fluxes however strongly depend on the surface
concentrations of these compounds. This leads to the main research questions for the first

manuscript “Halocarbon sources and budget in the equatorial Atlantic Cold Tongue™

1. Is the equatorial Atlantic a source for atmospheric halocarbons and how are they
produced?
2. How does halocarbon production below the mixed layer influence these

emissions?

Halocarbon supersaturations in the surface ocean will lead to their emissions to the overlying
atmosphere. Due to the potential connection of halocarbon production to light due to
photosynthetic processes and photochemical production, their concentrations and emissions
might exhibit diurnal cycles. This and regional variations in and above the Mauritanian
upwelling are investigated in the second manuscript “Drivers of diel and regional variations of
halocarbon emissions from the tropical North East Atlantic”. The large atmospheric
abundances of CHBr; and CH,Br, found above the upwelling were attributed to coastal
sources during previous campaigns (Quack et al., 2007b; Carpenter et al., 2009). This
hypothesis is also subject of the second and the third manuscript “/mpact of the marine
atmospheric boundary layer conditions on VSLS abundances in the eastern tropical and

subtropical North Atlantic Ocean”. Main questions for these two manuscripts are:

3. What influences emissions CHBr; CH,Br, and CHs;l from a tropical upwelling
region on a diel and aregional scale?

4. Do coastal sources of CHBr; and CH,Br, influence atmospheric abundances of
these compounds in the Mauritanian upwelling?

5. What are meteorological constraints on atmospheric abundances and emissions of

CHBr3, CH,Br, and CHg;l from coastal upwelling systems?

Oceanic and atmospheric CHBr;, CH,Br, and CHsl data from MSM18/3 and DRIVE were
also included in the global halocarbon data base HalOcAt (Halocarbons in the Ocean and

Atmosphere). This database was published along with global emission maps in the fourth
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manuscript “Global sea-to-air flux climatology for bromoform, dibromomethane and methyl
iodide”. The main focus of this manuscript with regard to this thesis is:

6. How do concentrations and emissions of the halocarbons from tropical upwelling

systems in the Atlantic compare to a global perspective?

In contrast to the mainly biological production pathways of CHBrs;, CH,Br, and CHaly,
photochemistry might play a crucial role for the surface and depth distribution of CHsl in the
tropical open ocean. This is investigated in the fifth manuscript “Numerical modeling of
methyl iodide in the eastern tropical Atlantic” using the one-dimensional “General Ocean
Turbulence Model” (GOTM), and applying it to measurements from the DRIVE campaign.

From this, the main research question with respect to this thesis is posed:

7. Which processes lead to the observed depth profiles of CHsl in the tropical open

ocean?

The oceanic biogenic and photochemical production pathways lead to the emission of
halocarbons into the tropical lower troposphere. They are then degraded, but can also be
transported into the stratosphere where they may be involved in ozone chemistry. The
transport of halocarbons, which are very patchily distributed in the ocean, can best be
resolved with a Lagrangian transport model, which was newly applied on oceanic emissions
of CHsl. The concentrations and emissions of CHsl from the DRIVE campaign were used
along with data from a third campaign, SHIVA (Stratospheric Ozone: Halogen Impacts in a
Varying Atmosphere), in the South China Sea in the sixth manuscript “The contribution of
oceanic methyl iodide to stratospheric iodine” to calculate its entrainment into the

stratosphere. The last question addressed in this thesis is therefore:

8. How much CHzsl from the Cape Verde and Mauritanian upwelling region can reach

the stratosphere and how does this compare to other tropical oceanic regions?

Finally, an outlook on possible future studies to further address the uncertainties in Figure

11-17 will be given.
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Abstract

Bromoform (CHBrs3), dibromomethane (CH,Br,), methyl iodide (CHs;l), and diiodomethane
(CHl,) from oceanic sources contribute to halogens in the troposphere, and can be
transported into the stratosphere where they take part in ozone chemistry. Here, distribution
and sources of these four compounds in the equatorial Atlantic from June and July 2011 are
presented. Enhanced biological production during the Atlantic Cold Tongue (ACT) season
led to elevated concentrations of CHBr; of up to 44.7 pmol L™ and up to 9.2 pmol L™ for
CH,Br, in the surface water, which is comparable to other tropical upwelling systems. While
both compounds correlated very well with each other in the surface water, CH,Br, was often
more elevated in greater depth than CHBr;, which showed occasional maxima in the vicinity
of the deep chlorophyll maximum. The deeper maxima of CH,Br, indicate an additional
source in comparison to CHBr; or a slower degradation of CH,Br, in deeper layers. This may
be evidence for the recently hypothesized biologically-mediated conversion of CHBr; to
CH,Br,. Concentrations of CHsl in the surface water were also elevated up to 12.8 pmol L™,
and contrary to expectations of its photochemical formation in the tropical ocean, its
distribution was mostly in agreement with biological parameters pointing to biological
sources. CHyl, was very low in the near surface water with concentrations of up to
3.7 pmol L*, and the observed anticorrelation with global radiation was likely due to its strong
photolysis. While CH3l was more elevated in surface water, CH,l, showed distinct maxima in
deeper water comparable to CH,Br,. For the first time, diapycnal fluxes of the four
halocarbons between the upper thermocline and the mixed layer were determined, which
acted both as source and sink for the mixed layer. These fluxes were low in comparison to
sea-to-air fluxes, which indicates that despite their observed deep maxima, production of the
four compounds in the surface mixed layer is the main oceanic source influencing emissions

into the atmosphere.
1.1. Introduction

Oceanic upwelling regions where cold nutrient rich water is brought up to the surface are
connected to enhanced primary production and elevated halocarbon production (Quack et
al., 2007a; Carpenter et al., 2009; Raimund et al., 2011; Hepach et al., 2014). Photochemical
formation (Moore and Zafiriou, 1994; Richter and Wallace, 2004) with a possible involvement
of organic precursors (Bell et al., 2002; Stemmler et al., 2013a) might be an important methyl
iodide (CHgsl) source. An additional abiotic formation pathway involving ozone has been
found for diiodomethane (CHaly) in the laboratory (Martino et al., 2009), while it generally has
been suggested to be produced biologically. The biogenic production of CHal, is suggested

to occur through different species than the production of CHBr; and CH,Br, (Moore et al.,
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1996; Orlikowska and Schulz-Bull, 2009). Additionally, bacterial involvement in the formation
of e.g. CHsl and CHal, has been observed (Manley and Dastoor, 1988; Amachi et al., 2001;
Fuse et al., 2003; Amachi, 2008). Large uncertainties regarding the cycling of halocarbons in
the ocean remain. Depth profiles of these compounds might provide insight into the
processes patrticipating in their cycling. Elevated concentrations of CHBr; and CH,Br, at the
bottom of the mixed layer and below, mostly close to the chlorophyll a (Chl a) subsurface
maximum, are a common feature in the water column (Yamamoto et al., 2001; Quack et al.,
2004; Liu et al., 2013). They are mostly attributed to their production by phytoplankton. While
CHsl maxima close to the Chl a maximum were observed as well (Moore and Groszko, 1999;
Wang et al., 2009), Happell and Wallace (1996) measured maxima at the surface in different
oceanic regions including the equatorial Atlantic which was attributed to a predominantly
photochemical source. Elevated CH,l, concentrations associated with the Chl a maximum
were proposed to be the result of biogenic sources with strong depletion in the surface layers
caused by rapid photolysis (Moore and Tokarczyk, 1993; Yamamoto et al., 2001; Carpenter
et al., 2007; Kurihara et al., 2010). Not much is known on the actual processes determining
the in situ surface water concentrations of these compounds. Potential processes include
sources (biogenic and non-biogenic production), sinks (hydrolysis, photolysis, chlorine
substitution and air-sea gas exchange), advection, and turbulent mixing in and out of the
mixed layer (diapycnal fluxes).

Once they are produced in the ocean, halocarbons can be transported from the oceanic
mixed layer into the troposphere via air-sea gas transfer. CHBr; and CH,Br, are the largest
contributors to atmospheric organic bromine from the ocean (Penkett et al., 1985; Schauffler
et al., 1998; Hossaini et al., 2012). Marine CHgl is the most abundant organoiodine in the
troposphere, while the very short lived CHl, together with CH,CII contributes potentially as
much organic iodine (Saiz-Lopez et al., 2012). Significant amounts of halocarbons and their
degradation products can be carried into the stratosphere (Solomon et al., 1994; Hossaini et
al., 2010; Aschmann et al., 2011), especially in the tropical regions where surface air can be
transported very rapidly into the tropical tropopause layer by tropical deep convection
(Tegtmeier et al., 2012; Tegtmeier et al., 2013). The short-lived brominated and iodinated
halocarbons produced in the equatorial region may hence play an important role for
stratospheric halogens.

This paper characterizes the distribution of brominated and iodinated halocarbons (CHBr3,
CH3Br,, CHsl, and CH,ly) in the surface water and the water column of the equatorial Atlantic
Cold Tongue (ACT). We aim at providing more insight into the biological and physical
processes contributing to the mixed layer budget of these compounds in the equatorial
Atlantic. Sea-to-air fluxes and, for the first time, diapycnal fluxes from the upper thermocline

are calculated. While the first are often an important sink of halocarbons from the ocean, the
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latter can be both source and sink for the mixed layer. Phytoplankton groups (obtained from
pigment concentration) are evaluated as sources of these four compounds. Additionally,
surface water halocarbons are correlated to meta data such as temperature, salinity and
global radiation to evaluate their origin.

1.2. Methods

Cruise MSM 18/3 onboard the RV Maria S. Merian took place from June 21 to July 21 2011.
One goal of the campaign was the characterization of the Atlantic equatorial upwelling with
regard to halocarbon emissions and their sources. RV Maria S. Merian started at Mindelo
(Sao Vicente, Cape Verde) at 16.9° N and 25.0° W, and finished at Libreville (Gabon) at
0.4° N and 13.4° E with several transects across the equator. The ship entered the colder
waters of the equatorial upwelling several times. Along the cruise track, measurements of
halocarbons and phytoplankton pigments were conducted in surface water and at 13 stations
where water samples for halocarbon and adjacent parameters were obtained (Figure 1V-1).
Samples for dissolved halocarbons from sea surface water were taken from a continuously
working pump in the ships moon pool at a depth of about 6.5 m every 3 h. Water samples
were taken from up to eight different depths per station between 10 and 700 m from 12 |
Niskin bottles attached to a 24-bottle-rosette with a CTD (Conductivity Temperature Depth).
Halocarbon stations 1 — 4 were located at the first meridional transect at 15° W, stations 5 —
7 were taken during the second transect at 10° W, 8 — 10 were located at the third section at
around 5° W, and the last three stations 11 — 13 were taken during the last section at 0° E
(Figure IV-1). Water temperature and salinity were recorded with a thermosalinograph. Air
pressure and wind speed were derived from sensors in 30 m height, and averaged in 10 min
intervals. Global radiation was measured onboard in 19.5 m height with sensors (SMS-1
combined system from MesSen Nord, Germany) measuring downward incoming global

radiation (GS, shortwave) and infrared radiation (IR, long-wave).
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Figure IV-1. Cruise track with measured SST in °C (small box) and the section (large box) during which
halocarbons were sampled in both the sea surface and during CTD stations, plotted on monthly average
Chl a for July 2011 derived from mapped level 3 MODIS Aqua Data.

1.2.1. Sampling and analysis of halocarbons in seawater

A purge and trap system attached to a gas chromatograph with mass spectrometric detection
in single ion (GC-MS) mode was used to analyze 50 mL water sample for dissolved
halocarbons. Volumetrically prepared standards in methanol were used for quantification.
Precision lay within 3 % for CHBrs;, 6 % for CH,Br,, 15 % for CHsl and 20 % for CHsl,
determined from duplicates. For a detailed description see Hepach et al. (2014).

1.2.2. Phytoplankton pigment analysis and continuous measurement of

chlorophyll a

Water samples were filtered onto GF/F filters, shock-frozen in liquid nitrogen and stored at
-80 °C. Pigments were analyzed using a HPLC technique based on the method by Barlow et
al. (1997), slightly modified by Hoffmann et al. (2006), and adapted to the applied
instruments as described in Taylor et al. (2011). Samples were measured using a Waters
600 controller combined with a photodiode array detector (PDA, Waters 2998) and an auto
sampler (Waters 717plus). As an internal standard, 100 pL canthaxanthin (Roth) was added
to each sample. Identification and quantification of the different pigments were carried out
using the program EMPOWER by Waters. A list of the pigments used for this study, their
abbreviations and their associated phytoplankton groups can be found in Table 2 of Taylor et
al. (2011). The pigment data were quality controlled according to Aiken et al. (2009).

As an interpretation of the pigment data the program CHEMTAX® (Mackey et al., 1996) was
used, initiated with the pigment ratio matrix proposed by Veldhuis and Kraay (2004) for the

subtropical Atlantic Ocean. By using this matrix it can be distinguished between the following
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phytoplankton groups: diatoms, Synechococcus-type, Prochlorococcus HL (high light
adapted) and Prochlorococcus LL (low light adapted), dinoflagellates, haptophytes,
pelagophytes, cryptophytes and prasinophytes.

To obtain high resolution TChla data, 10-min-averaged continuous surface maximum
fluorescence measured by a microFlu-chl fluorometer from TriOS located in the ships moon
pool was used to derive continuous TChl a concentrations along the underway transect. This
is based on the assumption that active fluorescence F is correlated to the amount of
available chlorophyll (Kolber and Falkowski, 1993) as has been used in many active
fluorometers. The method is described in details in Taylor et al. (2011) using the correction
accounted for non-photochemical quenching as in Strass (1990). Mean conversion factors
specific for each zone were determined for collocated F and HPLC-TChl a measurements. A
linear regression of r = 0.83 (p < 0.01, n = 89) was observed between surface HPLC-derived

TChl a and F-derived TChl a. It shows that F-derived TChl a is applicable in this study region.
1.2.3. Correlation analysis of halocarbons

Correlations of different parameters to surface water halocarbons were carried out. Physical
influences were investigated with 10 min averages of sea surface temperature (SST),
salinity, global radiation and wind speed, and a relationship with location was explored using
latitude. Biological parameters used for correlations were the sum of chlorophyll a (Chl a)
and divinyl chlorophyll a (div a), and the abundances of all phytoplankton groups. Since most
of the data sets were not normally distributed and common transformations into normal
distributions were not possible, the Spearman’s rank correlation coefficient rs was applied. All
correlations with p < 0.05 were regarded as significant.

Correlation analysis of the depth profile dataset using the Spearman’s rank coefficient did not
allow for drawing specific conclusions due to the complexity of the data set. Hence, the
mixed influences of water column halocarbon concentrations were examined with principal
component analysis (PCA) using MATLAB. Concentrations of all four halocarbons, all
phytoplankton groups, the sum of Chla and div a, density, temperature, and salinity were
included. PCA in comparison to correlation analysis has the advantage that the collective

variance of a dataset including several variables can be analyzed.
1.2.4. Mixed layer depth

Mixed layer depths zy_were determined using the method introduced by Kara et al. (2000),
which proved to be closest to the visually determined zy,_ from the temperature, salinity and
density profiles. The mixed layer of each CTD profile was calculated as the depth where the
temperature from the reference depth in the upper well-mixed temperature region was

reduced by a threshold value of 0.8 °C.
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1.2.5. Calculation of sea-to-air fluxes of halocarbons

The air-sea gas exchange parameterization of Nightingale et al. (2000) was applied to
calculate sea-to-air fluxes F,s of halocarbons (equation 1). Schmidt number corrections as
reported by Quack and Wallace (2003) were applied to determine the compound specific
transfer coefficient k,. The air-sea concentration gradient was computed from sea surface
water measurements and atmospheric background concentrations ¢4, 0f 2.50 ppt for CHBrs,
1.20 ppt for CH,Br,, and 0.50 ppt for CHsl determined from 10 atmospheric samples taken
during MSM 18/3, and atmospheric mixing ratios of 0.01 ppt for CH,l, as reported by Jones
et al. (2010) for the tropical Atlantic. Henry’s law constants H of Moore and co-workers
(Moore et al., 1995a; Moore et al., 1995b) were used to obtain the equilibrium concentrations
Cam/H.

Fas = ko (Gyy — 2 (equation 1)

1.2.6. Calculation of diapycnal fluxes of halocarbons

To estimate the diapycnal flux of halocarbons in the ocean, i.e. the halocarbon transport
perpendicular to the stratification, the relation in equation 2 is used with Fgj, as the diapycnal
flux in mol m?s™, p the seawater density in kg m®, Ac the diapycnal gradient of the
concentration in mol kg™, and Kg, the diapycnal diffusion coefficient in m? s™.

Faia = p * Kaia * Ac (equation 2)

In the equatorial near surface waters, molecular and double diffusion are negligible
compared to turbulent mixing. Kg, from turbulent mixing can be estimated from
measurements of the velocity microstructure (turbulent motions on length scales of
centimeters to meters). During MSM18/3, velocity microstructure profiling was performed
immediately before or after taking halocarbon profiles, so that local and pointwise in time
estimates of diapycnal flux resulted from the combination of the two kinds of profiles via
equation 2. The used microstructure profiler was a loosely tethered MSS90 equipped with
airfoil shear probes, manufactured by Sea&Sun Technology, Trappenkamp, Germany. In
order to calculate Ky, from velocity fluctuations measured by the MSS, first the average
spectrum of vertical shear for a depth interval of typically 10 to 50 m is calculated and
integrated to get an estimate of the average dissipation rate of turbulent kinetic energy
(epsilon in W kg™). The relation in equation 3 first proposed by Osborn (1980) then allows to
deduce Kgi,, With y a function of the mixing efficiency and N the buoyancy frequency for the

chosen depth interval.

&

‘NE (equation 3)

Kiia =v
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y was chosen to be 0.2 following Hummels et al. (2013). A more detailed descriptions of the
method to derive Kg, below the mixed layer can be found in Schafstall et al. (2010) and
Hummels et al. (2013).

1.3. Physical and biological characteristics of the investigation

area

1.3.1. Oceanographic description

The equatorial Atlantic is described by a complex current system. The surface is
characterized by the westward South Equatorial Current (SEC) spreading between 3° N and
15° S which reaches as deep as 100 m, but has shallow mixed layers close to the equator
(Tomczak and Godfrey, 2005). Below the SEC, the Equatorial Undercurrent (EUC) is located
(Molinari, 1982). The EUC is a narrow band between 2° N and 2° S flowing towards the east
while reducing speed. It carries mostly water with characteristics of deeper tropical surface
water (TSW) and of shallower central water. While the core in the West is at 100 m, its
position in the East follows the seasonal vertical migration of the thermocline (Stramma and
Schott, 1999). Consequently, the mixed layer depth was shallow and ranged only between
10 and 49 m with a mean of 28 m during MSM18/3. The mixed layer was also exposed to
diurnal variability. During the day time, it was shallower due to warmer air temperatures and
more stratification. In the night time, when the air temperature and SSTs start cooling, water
is mixed further down. The shallowest mixed layers were found between 0° N and 3° S in
agreement with the location of the EUC. The Atlantic Cold Tongue (ACT) is a known feature
in the equatorial region where sea surface temperatures (SST) between 20° and 5° W can
drop by 5 — 7 °C from May to September (Weingartner and Weisberg, 1991). TSW around
and north of the equator is characterized by high temperatures and comparably low salinities
due to enhanced precipitation (Tsuchiya et al., 1992). Many uncertainties remain with respect
to the exact mechanisms that lead to the development of the ACT. Jouanno et al. (2011)
suggested that the strong increase of the westward SEC associated with the ITCZ (Philander
and Pacanowski, 1986), and the maximum shear above the core of the underlying EUC lead
to the low SSTs, confirmed later by microstructure measurements (Hummels et al., 2013).
Although the shear is maximal at 0° E, maximum cooling appears at 10° W due to the strong
stratification in the eastern basin of the equatorial Atlantic. During MSM18/3, maximum SSTs
around the equator of 28.5 °C were found at 3° N and 20° W, while the lowest SSTs of
22.1 °C were located at 1° N and 10° W (Figure 1V-1, Table IV-1). Generally, high SSTs and
low salinities of less than 35.5 were observed north of the equator (TSW). Lower SSTs and
higher salinities were measured in the south with the only exception being the 10° W section

where both low SSTs and high salinities were also found north of the equator. In total, SSTs



Results and Discussion 51

during MSM18/3 of mean (range) 24.4 (22.1 — 29.0) °C and salinities of 35.7 (34.5 — 36.3)
were measured in the investigated region (Figure 1V-2). Wind speed was generally rather low
with a mean of 6.1 m s, ranging between 0.3 and 11.1 m s™ (Table IV-1).

1.3.2. Biological description

The cooling of SSTs in the ACT region is usually accompanied by a phytoplankton bloom.
Grodsky et al. (2008) found a seasonal peak of chlorophyll a (Chl a) of 0.6 pg L™ in boreal
summer. In comparison, surface Chl a during MSM18/3 reached values as high as
1.20 pg L™ (around 0.8° N and 0° E), and additionally very high Chl a concentrations from the
continuous fluorescence sensor measurements above 1 pg L™ around 10° W in agreement
to the most intense cooling. HPLC measurements, only taken every three hours, generally
agree with the high Chl a with maximum values of up to 0.99 ug L™ (Table I1V-1).

The most abundant phytoplankton group in the ACT were chrysophytes during MSM18/3.
Chrysophytes, golden algae with flagellar hairs, are thought to be mostly common in
freshwater (Round, 1986). However, they have been previously shown to be also the most
abundant phytoplankton group in several regions of the Atlantic Ocean, including the lower
latitudes around the equator (Kirkham et al., 2011). This group correlated significantly with
SST (rs = -0.45) and salinity (rs = 0.48) (Table 1V-2), it hence seems to be associated with the
upwelling water of the EUC. Chlorophytes, dinoflagellates, haptophytes and
Prochlorococcus HL include further phytoplankton groups significantly associated with
halocarbons in the equatorial Atlantic region. Chlorophytes and Prochlorococcus HL
correlated positively with SST (rs = 0.13, not significant, and r; = 0.44, significant) and
negatively with salinity (rs = -0.15, not significant, and rs = -0.39, significant). They were
associated with different water masses than the other three groups. Additionally,
Prochloroccocus LL were observed in deeper layers and could play a role in comparison to
depth profiles of the four halocarbons. These results are in agreement with Johnson et al.
(2006), where it was shown that Prochlorococcus dominate in oligotrophic tropical waters,
especially where the nutrient concentrations are lowest and temperature is high, specifically
between 15° S and 15° N of the Atlantic Ocean. Prochlorococcus HL dominate among the
species, which generally occur from the surface down to 50 m, while the LL dominate from

about 75 m downwards in the water column.
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] Mean
Parameter Unit ]
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24.4
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(22.1 - 29.0)
. 35.7
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_ 4 6.1
Wind speed [ms™]
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Chlorophyll a + Divinyl 0.51
Biomass chlorophyll a (HPLC) g L] (0.10 - 0.99)
proxies Hg 0.44
Chlorophyll a (sensor
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Sea surface N 12.9
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CHBr3
_ P 644
Sea-to-air fluxes [pmol m™ h™]
(-146 - 4285)
Sea surface N 3.7
: [pmol L]
concentrations (0.9-9.2)
CH,Br»,
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Sea-to-air fluxes [pmol m™ h™]
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Sea surface 1 5.5
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CHal
_ b 425
Sea-to-air fluxes [pmol m™ h™]
(34 - 1300)
Sea surface 1 11
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_ P 82
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(3-382)

Table IV-1. Mean (minimum — maximum) values of physical parameters (sea surface temperature (SST),
salinity, and wind speed), biomass proxies (Chl a + Div a, and chl a determined from the continuously
measuring fluorescence sensor), and sea surface concentrations, as well as sea-to-air fluxes of the four
halocarbons CHBr3, CH2Br,, CHsl, and CHazlz during the cruise MSM 18/3.
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1.4. Results

1.4.1. Surface water
1.4.1.1. CHBrzand CH,Br,

Large regional variations could be observed for CHBr; in surface water of the tropical Atlantic
with a mean of 12.9 (1.8 — 44.7) pmol L, and mean CH.,Br, of 3.7 (0.9 — 9.2) pmol L™
(Figure 1V-2, Table 1V-1).
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Figure IV-2. Species composition (HL — high light, LL — low light) in a), SST (left side) and salinity (right
side) during the cruise in b). In c) Chl a from underway sensor measurements (left side), and global
radiation (right side). The halocarbon distribution is shown in d) for CHBr3 and CHzBr», and in e) for CHsl
and CHzl,. The top numbers mark the halocarbon CTD stations.

Concentrations of the underway measurements and from the shallowest depth from the
profiles were included in the evaluation of the surface water concentrations. The observed
values are in agreement with data from the tropical oligotrophic Atlantic north of 16° N and

the Mauritanian upwelling ranging between 1.0 and 43.6 for CHBr; and 0.6 — 9.4 pmol L™ for

CH,Br, with the largest values close to the coast in the upwelling (Quack et al., 2007a;
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Carpenter et al., 2009; Hepach et al., 2014). Quack et al. (2004) observed lower CHBr; of
2.3 pmol L and CH,Br, of 0.2 pmol Lt at 10°N through the tropical Atlantic in boreal fall,
while values of 12.8 and 5.3 pmol L™ for CHBr; and CH,Br, were found at the equator in
agreement to this study. Both compounds show the same pattern in surface water
throughout the cruise, having hot spots slightly south of the equator.

The very good correlation between CHBr; and CH,Br, is in agreement to numerous studies
from several regions, commonly attributed to related sources for both compounds from
macro- and microalgae (Nightingale et al., 1995; Moore et al., 1996; Schall et al., 1997;
Laturnus, 2001; Quack et al., 2007b; Karlsson et al., 2008). Significant correlations to SST
(rs=-0.46 for both compounds), salinity (rs = 0.48 for CHBr; and rs = 0.41 for CH,Br,), and
the sum of Chl a and div a (rs= 0.25 for CHBr; and rs = 0.27 for CH,Br,) were found, while
very low insignificant correlations (rs=0.05 for CHBr; and rs=0.04 for CH,Br,) were
observed with the 10 min averaged global radiation values (Table IV-2). The most significant
correlations were found to Prochlorococcus HL with rs =-0.70 for CHBr; and -0.57 for

CH;Br,, and to chrysophytes with rs = 0.43, and rs = 0.41, respectively.

1.4.1.2. CHsl and CHal,

The second highest mean sea surface water concentration of the four halocarbons was
observed for CHsl of 5.5 (1.5 — 12.8) pmol L™ (Figure V-2, Table IV-1), which is in the range
of earlier studies. The previous measurements of CHsl in the tropical Atlantic were widely
spread between the coasts of South America and Africa with values between 0 and
36.5 pmol L™ in the region south of 25° N and north of 20° S (Happell and Wallace, 1996;
Schall et al., 1997; Richter and Wallace, 2004; Jones et al., 2010; Hepach et al., 2014). 7.1
to 16.4 pmol L™ were detected near the region of this study (Richter and Wallace, 2004). Of
all four compounds, CH;l, was characterized by the lowest sea surface water concentrations
of 1.1 (0.3 — 3.7) pmol L. Literature reports of measurements of CHjl, in the tropical Atlantic
are very sparse: while Schall et al. (1997) report on average three times higher values of 3.4
(2.1 — 6.8) pmol L™ between 25° N and 20° S than this study, Jones et al. (2010) measured
on average 5.8 (0.9 and 17.1) pmol L™ (reported in Ziska et al. (2013)) in the region between
15 and 25° N, which is about five times higher than our mean.

Sea surface CHjl was similar to CHBr; and CHy,Br, significantly anticorrelated with SST
(rs =-0.42), and not significantly correlated with global radiation (Table 1V-2). In contrast to
the bromocarbons, significant correlations were neither found to salinity, nor to latitude.
Additionally, sea surface CH;l correlated significantly to biomass indicators (sum of Chl a and
diva: rs = 0.36). The regional distribution of CH;l often followed qualitatively the regional

distribution of haptophytes (rs = 0.39) with the most elevated concentrations south of the
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equator. Significant positive correlations were also found to dinoflagellates (rs = 0.29) and
chrysophytes (rs = 0.26). A weak, but significant anticorrelation was observed to wind speed
(rs =-0.22). In contrast to the other three halocarbons, CH,l, was significantly positively
correlated with SST (rs = 0.33), and elevated concentrations were observed mostly north of
the equator. A weak, but significant anticorrelation of CH,l, was found with global radiation
(rs =-0.25), indicating higher sea surface CH,l, during the night time and lower
concentrations during the day. CH,l, correlated significantly both with chlorophytes (rs = 0.32)

and Prochlorococcus (rs = 0.27).

Salini  Global Latit Wind Chla+ Chloro Chryso Dinoflag Haptop

CHBrs CHBro CHl CHal, SST ty  radiation ude speed Diva phytes phytes ellates hytes

-0.70 -0.57 -021 0.27 044 -0.39 -0.20 0.49 0.26 -0.01 0.34 -0.28 -0.14 -0.33

Prochlorococcus (HL)

Dinoflagellates Haptophytes

Chrysophytes

Chlorophytes

Ch a+ Div a

0.34 0.37 039 -025 -0.58 0.34 0.16 -0.21 -0.34 0.57 -0.18 0.37 0.53

0.22 0.22 0.29 -0.02 -0.50 0.10 -0.14 -0.33 -0.37 0.72 0.09 0.40

0.43 0.41 0.26 013 -045 0.48 -0.28 -0.15 -0.15 0.71 0.22

-0.29 -0.26 -0.15 0.32 0.13 -0.15 -0.26 0.25 -0.05 0.11

0.23 0.27 0.36 004 -0.58 0.35 -0.22 -0.13 -0.27
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-0.18 -0.16 -0.22 0.20 0.56 -0.06 0.12 0.04

-0.38 -0.18 0.03 0.12 0.10 -0.20 -0.08

0.05 0.04 -0.09 -0.25 0.19 -0.09

0.48 0.41 -0.09 -0.04 -0.42

-0.46 -0.46  -0.42 0.33

0.07 0.09 -0.04

0.50 0.62

0.90

Table IV-2. Spearman’s rank correlation coefficients rs of halocarbons with different parameters and
phytoplankton species. Numbers printed in bold are regarded as significant with p <0.05.

1.4.2. Water column
1.4.2.1. CHBr;and CH,Br,

CHBr; and CH,Br, exhibited maxima in both the surface and the bottom of and below the
mixed layer (Figure IV-3, Table IV-3). Maximum concentration of CHBr3; reached values of up
to 19.2 pmol L™, while up to 10.6 pmol L™ CH,Br, were observed in the deep maxima (profile

4). At stations where CHBr; was most elevated in the surface (profiles 2, 7, 12, 13), much
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higher overall CHBr; concentrations of up to 35.0 pmol L were measured. CH,Br, only
reached maximum values of up to 6.6 pmol L™ in the surface (profiles 2, 7). In contrast to
surface water, CHBr; and CH,Br, were not always similarly distributed. CH,Br, was elevated
10 m below CHBr; in several profiles (Figure 1V-3e). This can also be seen in the
T-S diagrams of these compounds (Figure IV-4a, b): while the most elevated CHBr; was
observed in the density layers between 1024 and 1025 kg m™ (shallower central water of the
EUC), CH,Br, was often also elevated in the denser, deeper layers below 30 m (Table 1V-3).

The maxima of both compounds were mostly in the vicinity of the Chl a maximum.
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Figure IV-3. Selected CTD profiles (profiles 7, 9 and 10) of CHBr3, CH2Br,, CHsl, and CHzl, in a — b), e — d),
and i —j), along with temperature, salinity, and density (c, g and k), as well as raw chlorophyll in d), h),
and I), and the mixed layer depth as black dashed line at the same stations.

The PCA can reveal similarities in the variances of several variables in the data set. The
results (Figure 1V-5) agree with the observations that CHBr; and CH,Br, display a different
distribution: while the variance of CHBr; seems comparable to several phytoplankton groups

such as chrysophytes and salinity, CH,Br, exhibits many similarities with the distribution of

CH.l, in the water column.
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Figure IV-4. Temperature-Salinity (T-S) plots for halocarbons (a — d, in pmol L'l), and phytoplankton
species (e — f, in pug Chl aL'l). Square markers indicate surface values of halocarbons from underway
measurements, circles are depth measurements from CTD profile, and the lines indicate the potential
density — 1000.

0-30m 31-60m 61-100m
Zmo Concentrations Chl a + Div a Concentrations Chl a + Div a Concentrations Chl a+ Diva
m [pmol L] [ug L] [pmol L] lug L] [pmol L] [ug L]
CHBI3 CH.Br; CHBI3 CH,Br; CHBIr3 CH.Br>
54 1.7 0.60 5.8 3.0 0.59
34 2.1 1.1
(3.2-6.5) (2.3-2.1) (0.52-0.69) (3.7-79) (1.8-4.2) (0.53-0.65)
30.2 6.5 0.92 9.0 5.2 0.86 2.4 1.8 0.20
16
(25.4-35.0) (6.4-6.6) (0.76-1.07) (76-10.3) (5.1-54) (0.74-0.97) (1.2-4.6) (0.8-3.6) (0.10-0.30)
6.8 3.9 0.80 3.0 2.4 0.65 2.3 2.3
37 0.18
(6.2-7.4) (3.6-4.2) (0.75-0.86) (26-32) (24-25) (051-0.80) (2.2-25) (2.3-2.3)
7.2
12.5 0.56 5.9 3.1 0.80 2.6 2.5 0.19
14 R
(5.8-19.2) (13086) (0.26 - 0.86) (48-6.9 (3.0-32) (0.79-0.81) (20-3.2) (1.8-3.2) (0.13-0.26)
14.0 4.2 0.34 7.6 7.4 0.39
49 11.7 4.8 0.58
(13.6-14.4) (4.0-4.3) (0.28-0.39) (6.6-8.5) (6.1-8.6) (0.24-0.53)
134 5.0 5.4 4.8 0.30 4.9 4.6 0.10
12 0.99
(12.5-14.3) (3.8-6.3) (5.1-5.7) (4.7-48) (0.17-043) (4.7-5.1) (46-4.7) (0.04-0.17)
11.2 4.6 0.71 3.7 3.4 0.46 3.1 3.0 0.11
(8.8-13.7) (3.5-4.6) (0.65-0.76) (25-49) (25-4.2) (0.44-048) (29-34) (29-3.1) (0.06-0.17)
5.0 1.0 0.34 7.0 25 0.51
45 1.1 1.5 0.51
(4.7 -5.3) (0.6-1.4) (0.31-0.38) (5.7-8.3) (1.9-3.2) (0.47-0.58)
3.6 1.8 0.75 8.9 4.2 0.77 5.4 3.2 0.24
21
(2.7 -4.5) (1.6-2.0) (0.64-0.85) (74-103) (39-46) (068-0.85) (45-6.3) (26-3.7) (0.17-0.32)
5.2 2.6 0.50 8.9 3.8 0.62 3.5 2.5 0.47
10

(49-55) (2.3-2.8) (0.41-059) (8.3-95) (3.7-4.0) (0.51-0.73) (3.1-3.9) (2.4-2.6) (0.32-0.62)
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6.0 2.5 0.46 4.0 4.0 0.23
11 24 13.1 4.3 0.82
(41-7.9) (1.8-3.3) (0.42-0.49) (25-6.8) (2.8-6.0) (0.04-0.44)
18.1 5.8 0.77 11.6 6.3 0.70 5.3 5.5
12 35 0.25

(16.4-19.8) (5.6-6.1) (0.76-0.79) (9.1-14.1) (5.4-7.1) (0.68-0.72) (4.7-6.0) (5.3-5.8)

11.6 35 0.55 8.9 46 0.16 5.9 5.2 0.12
(6.9-164) (2.5-4.4) (051-0.58 (8.3-9.5) (3.0-5.6) (0-0.48) (3.3-7.6) (4.1-57) (0-0.30)

13

Table IV- 3. Concentrations of CHBr3, CH2Br, and the sum of Chl a and div a averaged over different
depths at every CTD station (1 — 13), as well as the mixed layer depth. If a range is not given, only one

measurement point exists. Bold numbers indicate the maximum concentrations at this station.
1.4.2.2. CHsl and CHyl,

In agreement with CHBr; and CH,Br,, CH3l was both elevated in the surface (three profiles 4,
6, 7) (Table IV-4, Figure 1V-3b) with values of up to 12.8 pmol L™, and in the deeper layers in
and below the mixed layer (Figure 1V-3f) reaching up to 8.5 pmol L™. In contrast to the other
halocarbons, most maxima of CH;l were observed closer to the surface in the mixed layer
(Figure 1V-4d). Partly in contrast to CHBr; and in agreement to the elevated surface
concentrations in the third and fourth transect of the cruise, elevated concentrations were
also observed in less dense layers of the less biologically active TSW. The PCA revealed
that its variance was similar to the variance of dinoflagellates and temperature.

0-30m 30-60m 60 — 100 m
Zm Chla+
L Concentrations Chl a + Div a Concentrations Chl a + Div a Concentrations Div a |
[m [pmol L] [ug L] [pmol L] lug L] [pmol L] L7 Mo
]
CHsl CHl, CHsl CHal, CHsl CHl,
2.7 45 0.60 2.5 9.9 0.59
1 34 0.2 17
(2.1-3.4) (1.2-6.8) (0.52-0.69) (1.8-3.2) (3.9-16.0) (0.53-0.65)
28 48 0.92 31 12.2 0.86 0.6 2.0 0.20
2 16 (11.5 -
(0.4-52) (1.7-80) (0.76-1.07) (2.7-3.6) 12.9) (0.74-0.97) (0.1-1.3) (0.7-4.3) (0.10-0.30)
8.5 4.1 0.80 2.6 46 0.65 0.7 3.3
3 37 0.18
(8.4-85) (1.7-6.4) (0.75-0.86) (1.0-35) (4.3-4.9) (0.51-0.80) (0.4-1.1) (2.3-4.4)
6.1 . 0.56 46 2.3 0.80 0.8 1.0 0.19
4 1 7.
(5.5 - 6.6) (0.26-0.86) (4.6-47) (2.2-2.4) (0.79-0.81) (0.7-0.9) (0.7-1.3) (0.13-0.26)
06 0.34 24 10.5 0.39
5 49 5.4 45 4.9 0.58 71-

(0.5-0.7) (0.28-0.39) (1.9-3.0) (0.24 - 0.53)

13.8)
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10.4 6.9 1.6 40 0.30 1.4 2.4 0.10
6 12 (go. (18- 0.99
Y 5o (15-17) (31-48) (017-043) (1.0-17) (1.7-3.1) (0.04-0.17)
41 23 071 13 47 0.46 0.9 2.0 0.11
7
(3.4-48) (12-34) (065-0.76) (12-1.3) (33-6.1) (0.44-048) (0.6-12) (15-2.7) (0.06-0.17)
0.2 0.3 0.34 47 1.2 0.51
8 45 0.0 2.4 0.51
(0.1-04) (0.3-0.3) (0.31-0.38) (3.0-7.0) (0.5-19) (0.47 - 0.58)
44 13 0.75 5.3 6.2 0.77 13 2.9 0.24
9 21
(41-48) (12-15) (0.64-0.85) (3.4-7.3) (45-80) (0.68-0.85 (13-13) (23-3.6) (0.17-0.32)
45 0.5 0.50 49 13 0.62 0.8 3.4 0.47
10 10
(36-55) (0.4-0.6) (0.41-059) (42-57) (0.9-17) (051-0.73) (0.7-0.9) (2.6-4.1) (0.32-0.62)
3.8 0.46 17 1.7 0.23
11 24 0.4 44 23 0.82
(2.9 - 4.6) (0.42 - 0.49) (1.0-2.3) (0.6-3.2) (0.04-0.44)
7.0 1.2 0.77 41 0.70 27
12 35 2.7 2.0 0.25
6.8-7.1) (0.3-2.2) (0.76-0.79) (3.8-43) (0.68-0.72) (16 -3.8)
, 5.1 15 0.55 3.8 5.9 0.16 1.0 3.4 0.12
1

(43-59) (0.8-2.1) (051-0.58 (2.0-56) (3.9-74) (0-0.48) (0.1-2.0) (1.0-4.8) (0-0.30)

Table IV- 4. Concentrations of CHsl, CHzl; and the sum of Chl a and div a averaged over different depths at
every CTD station (1 — 13), as well as the mixed layer depth. If arange is not given, only one measurement
point exists. Bold numbers indicate the maximum concentrations at this station.

CH,l, was always depleted in the surface with respect to the underlying water column.
Maxima of CH,l, were found in different depths, sometimes associated with the Chl a
maximum (Figure IV-3f), and mostly below the mixed layer (Figure 1V-3j). The Maxima in
deeper depths were in agreement with the deeper CH,Br, maxima (Figure IV-4), which is
also expressed in the similar directed vectors of both compounds in the PCA (Figure IV-5).
Values at depth were characterized by much higher concentrations of 16.0 pmol L™ (profile
1) between 30 and 60 m, and 13.8 pmol L™ (profile 5) between 60 and 100 m compared to
concentrations of up to 12.0 pmol L™ in the surface (0 and 30 m) (profile 6) (Table 1V-4).
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Figure IV-5. Principal component analysis (PCA) of all halocarbon and phytoplankton species
composition data, as well as temperature, salinity, and density for the 13 CTD stations.

1.4.3. Fluxes
1.4.3.1. CHBr;and CH,Br,

Sea-to-air fluxes of CHBr; and CH,Br, of 644 (-146 — 4285) and 187 (-3 — 762) pmol m? h™
during MSM18/3 were larger in the first two transects of the cruise that were characterized by
higher seawater concentrations, as well as higher wind speeds (Table V-1, Figure IV-6).
Carpenter et al. (2009) and Hepach et al. (2014) reported -150 and 3504 for open ocean and
upwelling CHBr; fluxes as well as of 5 — 917 pmol m? h™ for fluxes of CH,Br, from the Cape
Verde and Mauritanian upwelling region. The lower fluxes in the equatorial region in
comparison to the other two studies in the Mauritanian region are a result of the lower wind
speeds (6.1 (0.3 — 11.1 m s™)) measured during MSM18/3 and the larger concentration
gradients of Carpenter et al. (2009). Quack et al. (2004) reported CHBr; fluxes from the
equatorial Atlantic of 2700 (+ 800) pmol m™ h, to which this study compares well.
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Figure IV-6. Wind speed during the cruise (left side) along with sea-to-air fluxes calculated with sea
surface water concentrations and mean atmospheric halocarbons from 10 air samples (right side) in a) for
CHBr3; and CH2Brz and in b) for CHsl and CHal,. Numbers on the top indicate CTD stations.

Diapycnal fluxes are the fluxes of halocarbons that diffuse out of or into the mixed layer from
below the thermocline. Maxima within the mixed layer will lead to fluxes to below the
thermocline, while maxima below the mixed layer will have a flux of halocarbon-molecules
into the mixed layer as a result. The diapycnal fluxes were generally lower than the sea-to-air
fluxes (Table 1V-5). They could act both as a source and a sink for halocarbons in the mixed
layer. At eight stations, CHBr; was diffusing into the mixed layer, providing on average 5 (0 —
14) pmol m? h™* from below to the mixed layer budget of CHBr;. On the other hand, on
average 30 (2 — 125) pmol m? h™were diffusing out of the mixed layer, which is the highest to
below the thermocline of all four halocarbons. This is the result of much larger concentration
gradients of CHBr; at these five stations. Diapycnal fluxes of CH,Br, were generally lower
than for CHBr; due to the lower concentration gradients. Fluxes into the mixed layer from
eight profiles were on average 3 (0 — 8) pmol m? h™, while the diapycnal flux reduced the
mixed layer budget of CH,Br, by 2 (0 — 8) pmol m? h™* at the remaining five stations.

1.4.3.2. CHsl and CHyl,

CHgl fluxes were on average 425 (34 — 1300) pmol m™? h™* throughout the cruise. During the
third and fourth transect, they were elevated at several locations mostly during daytime in
contrast to the bromocarbons (Table 1V-1, Figure 1V-6). The fluxes are half the sea-to-air
fluxes from the equatorial Atlantic region reported by Richter and Wallace (2004) of

958 + 750 pmol m® h™. They were two times larger than fluxes of Hepach et al. (2014) of on
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average 246 pmol m? h™, and five times lower than fluxes reported from Jones et al. (2010)
of on average 2154 pmol m?h™ from the Cape Verde and Mauritanian upwelling region.
CHo.l, fluxes were generally larger in the beginning of the cruise where higher wind speeds
and higher surface water concentrations were measured. Only few studies have published
sea-to-air fluxes of CH,l, from the tropical ocean. CH,l, emissions calculated for MSM18/3
are the lowest of the four halocarbons with only 82 (3 — 382) pmol m? h™ in comparison to
mean fluxes reported by Jones et al. (2010) of on average 541 — 688 pmol m? h™. These
much higher fluxes are the result of higher oceanic CH,l, concentrations (Jones et al., 2010).
Similarly to the bromocarbons, diapycnal fluxes of CH3l and CH,l, were generally lower than
sea-to-air fluxes (Table IV-5). Due to the larger CHsl concentrations in the mixed layer
compared to the upper thermocline, diapycnal fluxes of 5 (1 — 13) pmol m? h™* were mostly
acting as a sink for the mixed layer budget. Only at three stations, 2 (1 — 5) pmol m? h™* were
transported into the mixed layer. On the other hand, diapycnal fluxes of CH,l, were mostly a
source for mixed layer CH,l,, providing the mixed layer with on average 12 (0 —
39) pmol m? h™* due to its much higher concentrations in the water below. This was the
highest flux of halocarbons into the mixed layer. The diapycnal flux of CH,l, of 2 (0 —

4) pmol m? h™ out of the mixed layer was only observed at three stations.
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CTD

station CHBr3 CH,Br, CHal CHosl,
Diapycnal Sea-to-air Diapycnal Sea-to-air Diapycnal Sea-to-air Diapycnal Sea-to-air
flux flux flux flux flux flux flux flux
[pmol m?  [pmolm? [pmolm? [pmolm? [pmolm? [pmolm? [pmolm? [pmol m?
h™] h™] h™] h] h™] h™] h] h™]
1 14 14 8 -27 5 -119 39 -64
2 -125 -3651 -8 -689 -13 -44 29 -199
3 0 -184 1 -195 -6 -703 7 -129
4 8 -241 4 -265 -1 -671 3
5 -3 -893 4 -275 -2 9 -45
6 5 -590 7 -185 -13 -988 27 -121
7 -16 -68 -0 -25 -5 -38 7 -8
8 -2 -110 -0 -25 -1 -4 0 -22
9 3 -57 1 -64 1 -337 3 -88
10 2 -45 -2 -83 -6 -300 -1 -30
11 4 -248 1 -136 1 -316 0 -24
12 -4 -1208 -1 -357 -2 -583 -0 -20
13 1 -837 0 -231 -3 -446 -4 -54

Table IV-5. Diapycnal and sea-to-air fluxes at every CTD stations for the four halocarbons. The fluxes in
bold provide the mixed layer with the corresponding halocarbon from below the mixed layer or from the
atmosphere, while the negative fluxes losses from the mixed layer to below.
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1.5. Discussion

1.5.1. Surface water
1.5.1.1. CHBrzand CH,Br,

The equatorial Atlantic is a source for CHBr; and CH,Br, during the ACT season with the
correlations to biogenic parameters indicating biological formation. CHBr; and CH,Br,
correlated significantly, but weakly with Chl a. Weak correlations of bromocarbons with Chl a
are not an unusual feature (Abrahamsson et al., 2004a; Carpenter et al., 2009; Liu et al.,
2011; Hepach et al., 2014). The higher correlations of bromocarbons with SST (higher
bromocarbons with lower SST) and salinity (higher bromocarbons with higher salinity)
indicate a relationship of bromocarbon abundance with processes within the upwelled water
of the EUC, supported by the T-S diagrams (Figure IV-4). The weak, but significant negative
correlation with latitude (rs = -0.38 for CHBrz and rs = -0.18 for CH,Br,) with maximum values
between 2 and 3° S, where water with properties from the EUC is reaching to the surface,
underline this hypothesis. Although the correlation analysis of halocarbons with
phytoplankton groups cannot directly resolve production and loss processes by algal activity,
it is still an indicator for potential sources. Bromocarbon production might exceed loss
processes, which leads to the observed statistical link to chrysophytes. Chrysophytes were to
our knowledge not yet among observed halocarbon producers in incubation and field studies.
The strong negative correlation of Prochlorococcus HL and CHBr; or CH,Br,, respectively,
has been observed previously (Hepach et al., 2014). In both cases, this study and Hepach et
al. (2014), Prochlorococcus HL correlated in contrast to bromocarbons, positively with SST.
The negative correlation could then be a result of the bromocarbons being produced by
phytoplankton groups associated with water masses of the EUC, while Prochlorococcus HL

is more associated with warmer, oligotrophic water.
1.5.1.2. CHjsl and CH,l,

The anticorrelation of CH;l concentrations and wind speed has been observed previously
(Richter, 2004). The explanation was offered that low wind speed leads to lower sea-to-air
fluxes, and thus an accumulation of the produced CHjsl in the sea surface, while high wind
speeds deplete the surface concentration. In contrast to Richter (2004) however, indications
for biological formation of CH;l were found in the ACT region. These indications are the
anticorrelation with SST, indicating a relationship with the biologically more active upwelled
water, the significant correlations with CHBr; and CH,Br, (Table IV-2) and with pigments as
biomass indicators, as well as the lack of correlation to global radiation. Previous studies
(Richter and Wallace, 2004; Jones et al., 2010) have attributed CHzl in the tropical ocean

mainly to photochemical formation based on Moore and Zafiriou (1994). However, Stemmler
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et al. (2013b) modeled depth profiles of CHsl in the tropical open ocean and suggested that
the observed profiles are a combination of photochemical formation and biological
production. Similarly, photochemistry and biological production probably both played a role
during MSM18/3. Haptophytes were the phytoplankton group that correlated most
significantly with CHsl. Correlations additionally indicate dinoflagellates and chrysophytes as
source organisms. Some representatives of haptophytes have already been shown to
produce CHsl both in the laboratory (Iltoh et al., 1997; Manley and de la Cuesta, 1997;
Scarratt and Moore, 1998; Smythe-Wright et al., 2010) and in the field (Abrahamsson et al.,
2004b). Prochlorococcus have often been discussed as important source for CHsl in the
open ocean (Smythe-Wright et al., 2006; Brownell et al., 2010; Hughes et al., 2011) with
production rates varying several orders of magnitude. There is no evidence that
Prochlorococcus HL had any influence on surface CHsl concentrations during MSM18/3. In
contrast to CHBr; and CH,Br,, some elevated concentrations of CHsl were also found
between the second and third transects during midday (see CHsl in comparison to global
radiation in Figure IV-3), which could be a result of photochemical production.

The very low sea surface concentrations of CH,l, with lowest concentrations during the day
are a result of the fast photolysis of this compound. Photolysis of CH.,l, can be very rapid with
a lifetime of only a few minutes in surface water (Jones and Carpenter, 2005; Martino et al.,
2005), which can explain the lower day time concentrations indicated by the negative
correlation with global radiation. During MSM18/3, the surface water was not completely
depleted, which implicates production in the surface layer. This is in contrast to previously
modeled depth profiles at the equatorial Atlantic (Martino et al., 2006) where CH,l, was
photolyzed more rapid than it could be transported into the surface water. Although CH,l; is
generally assumed to be of biogenic origin in the open ocean (Moore and Tokarczyk, 1993;
Yamamoto et al., 2001; Orlikowska and Schulz-Bull, 2009; Hopkins et al., 2013), great
uncertainties remain as to which species are involved in its production. The positive
correlation of CH,l, with SST during MSM 18/3 could be a result of different sources than for
the other three halocarbons (Moore et al., 1996) with indications that chlorophytes and

Prochlorococcus HL might be involved.
1.5.2. Water column

Previous studies focusing on halocarbon profiles from polar to tropical regions usually
observed halocarbons in the Chla maximum (Moore and Tokarczyk, 1993; Moore and
Groszko, 1999; Yamamoto et al., 2001; Quack et al., 2004; Carpenter et al., 2007; Hughes et
al.,, 2009). This was attributed to biological production of these compounds, while the

photochemical formation of CH;l may lead to surface maxima (Happell and Wallace, 1996).
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During MSM18/3, maxima of halocarbons were not always found in the Chl a maximum. This
could have several reasons. First, the location of the Chl a maximum is not necessarily the
location of highest biomass or primary production, but rather reflects the photoadaption
capability of the predominant phytoplankton groups (Claustre and Marty, 1995). Second,
halocarbons could be produced by phytoplankton groups that are not in the biomass
maximum distribution in the water column. Third, the location of the halocarbon maximum
might be more determined from their sink processes than from their production. For example,

sink processes and mixing could be faster or production could have ceased already.
1.5.2.1. CHBr3 and CH,Br,

The PCA (Figure 1V-5) revealed that in contrast to their surface distribution, the variance in
CHBr; and CH.Br, in the water column is different to each other. Although the first two
components of the PCA can together only explain 58.4 % of the total variability in the data
set, strong indications for biological sources of CHBr; exist. Chrysophytes as potential source
group are in agreement to surface water measurements (Table 1V-2, Figure 1V-5). Maximum
CH,Br, concentrations were occasionally found below CHBr; maxima, which have already
been observed by Quack et al. (2007b). The deeper maxima can have two reasons: 1)
CH,Br;, could have an additional source such as the biologically mediated conversion from
CHBr; (Hughes et al., 2013). 2) CHBr; is degraded faster in the depth than CH,Br,. Sinks for
CHBr; and CH,Br, include very slow hydrolysis (hundreds to thousands of years) (Mabey
and Mill, 1978), slow halogen substitution (5 years) (Geen, 1992), and photolysis (9 years
with a mixed layer of 100 m for CHBr3). Photolysis has been suggested to be faster for CHBr;
than for CH,Br, (Carpenter et al., 2009), which would be of more significance in the surface
layer. The potential faster degradation of CHBr3 in greater depths is also somewhat contrary
to the very fast bacterial degradation of CH,Br, with a half-live of 2 days (Goodwin et al.,
1998). An additional source for CH,Br, that involves CHBr; therefore seems plausible. At four
of the 13 stations, CHBr; was not maximal at the same depth as chrysophytes. There,
maximum CH,Br, concentrations were found below CHBr3;, which could be a result of faster
conversion to CH,Br, than production of CHBr;. CH,Br, in denser water is also co-located
with Prochlorococcus LL, which might be involved in the CHBrs-conversion.
1.5.2.2. CHsl and CH,l,

More elevated CHal in surface water in the T-S diagram (Figure IVV-4) could be a result of the
photochemical formation of this compound. Assuming that CH;l was solely formed from
photochemistry during the cruise, surface maxima would be expected (Happell and Wallace,
1996). Deeper maxima could also occur if the sea-to-air flux in the surface would exceed the
photochemical production. The low wind speed, which would not be sufficient to deplete the

surface, the relationship with biological parameters, and the partly co-located maxima with
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the other three biogenic halocarbons (Figure IV-3, Figure IV-5) indicate that CH;l was at least
partly produced directly from phytoplankton, potentially dinoflagellates (Table 1V-2, Figure IV-
5), and/or bacteria. CH,l, was always depleted in the surface with respect to the underlying
water column as a result of its strong photolysis (Jones and Carpenter, 2005; Martino et al.,
2006). In contrast to previous studies (Moore and Tokarczyk, 1993; Yamamoto et al., 2001),
CH,l, was frequently elevated below the Chl a maximum and mostly also below the base of
the mixed layer (Figure IV-3). The similarity in distribution to CH,Br, (Figure 4, Figure 5)
could indicate similar processes for CH,l,. The formation of CH,l, seems to have taken place
below the formation of CHBr; and CHzl, suggesting different sources of CH,l, than for CHBr3
and CHsl (Moore et al., 1996). With respect to their location within the water column,
Prochlorococcus LL could, similar to Prochlorococcus HL in the surface, be involved in CH,l,
production as well (Figure 1V-4). Bacterial formation of CH,l, (Fuse et al., 2003; Amachi et
al., 2005) could also be an additional source for this compound. Alternatively, CH,l, may not
degrade as quickly as CHBr; and CHzsl in greater depths, which would lead to accumulation

below the mixed layer.

1.5.3. Processes contributing to the halocarbon distribution in the

mixed layer

Halocarbon emissions into the atmosphere depend strongly on the mixed layer budget of
these compounds, which is determined by their sources and sinks. One question that
remains to be answered in the field is where halocarbon production occurs. It has been
suggested that the production is solely taking place in the Chl a maximum (Martino et al.,
2006), whereas other model studies assume production of e.g. CHBr; to be coupled to
primary production in the whole water column (Hense and Quack, 2009). Assuming
production of halocarbons takes place only in the Chl a maximum, which is located below the
mixed layer, diapycnal fluxes from below the thermocline could be an important source for
mixed layer halocarbons.

To evaluate the significance of halocarbon production below the mixed layer for emissions
into the atmaosphere, production, loss and transport processes have to be considered. The
calculations of diapycnal and sea-to-air fluxes are based on 13 halocarbon gradients
determined from the depth profiles, and the joint calculations and measurements of eddy
diffusivity (section 1.4.3). With this relatively small number of data, the diapycnal fluxes are
subject to some uncertainties. These include a relatively low depth resolution within the water
column, thus the concentration gradient may be steeper or less steep than what is assumed
from the actual measurements, and a short validity of diffusion coefficients of only 1 h, since

the oceanic conditions vary rapidly. Since the depth profiles measured during MSM18/3
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agree well to previous studies from the tropical ocean (Yamamoto et al., 2001; Quack et al.,
2004), a general idea of the significance of diapycnal fluxes for the mixed layer budget of
halocarbons can still be obtained. The loss rates due to chemical sinks were not determined
directly during this study, hence they were estimated from literature values. Chemical loss
processes for CHBr;, CH,Br, and CHsl from the mixed layer include hydrolysis, halogen
substitution and photolysis. The half-lives of CHBr; and CH,Br, due to hydrolysis are more
than hundreds and thousands of years (Mabey and Mill, 1978), while for CHl, the half-life
due to hydrolysis can range between 1600 days at 25 °C and 4000 days at 5 °C (Elliott and
Rowland, 1995). The half-life of CHBr; at 25 °C due to halogen substitution is about 5 years
and similarly slow for CH,Br, (Geen, 1992). The half-life of CHBr; with respect to photolysis
is 9 years assuming a mixed layer of 100 m, and potentially slower for CH,Br, (Carpenter et
al., 2009). Liu et al. (2011) calculated a half-life of CHBr; due to photolysis in a coastal mixed
layer of only 5 m to be 82 days. Since mixed layers during MSM18/3 were much shallower
than 100 m, photolysis of bromocarbons in the mixed layer should be similary short.
Nevertheless, this time scale is still long in comparison to the one hour that is considered
here. As a result of these slow rates, only sea-to-air flux is considered as sink for CHBr; and
CHyBr,. In comparison to halide substitution, photolysis of CHal is also very slow (Zika et al.,
1984). Halide substitution was suggested to be important sink in the tropical ocean with low
wind speeds favoring halide substitution as main sink process, and large wind speeds
favoring sea-to-air fluxes as main sink (Jones and Carpenter, 2007). For the calculations
here, halide substitution is additional to sea-to-air fluxes included for CH;l, and was
determined according to Stemmler et al. (2013b) using the rates published by Elliott and
Rowland (1993). For CH,l,, photolysis may well be the most significant sink with a half-life of
less than 10 min in surface water (Jones and Carpenter, 2005), hence this is also included
here. Losses of CH.l, due to photolysis were calculated according to Martino et al. (2006)
with a photon flux calculated from the NASA COART model (Jin et al., 2006), a Chla
concentration of 0.4 pgL*, absolute quantum yields from Martino et al. (2006), and
absorption cross sections determined by Jones and Carpenter (2005). Advection, which is
difficult to estimate, may not play a large role for CH,Br,, CHsl and CH,l,, since mixed layer
concentrations of these compounds were rather homogeneous in the whole region. CHBr3
concentrations were more variable. Consequently, advection may transport significant
amounts from one location to another. The mixed layer was well mixed considering the
temperature and salinity profiles. Consequently, halocarbon maxima can only occur within
the mixed layer if halocarbon production is faster than mixing. As a consequence, local
processes probably play the most important role for their distribution in the water column. All

the processes involved are summarized in Figure 1V-7.
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Figure IV-7. Processes that were possibly involved in forming the observed depth profiles during the
MSM18/3 cruise, including the processes that were taken into account for assessing the importance of
diapycnal fluxes from below the thermocline into the mixed layer (including sea-to-air fluxes, nucleophilic
chlorine substitution of CHsl and photolysis of CHaly).

The sinks were calculated as relative fractions of the total mixed layer concentrations to
evaluate the significance of diapycnal fluxes (Table IV-6). Assuming that the conditions
during MSM18/3 reflect the general situation in the equatorial upwelling, the results suggest
that sea-to-air fluxes are the main sink on short time scales for CHBr3;, CH,Br, and CHsl at
each station. The estimation of sea-to-air fluxes using bulk data comprises some
uncertainties. However, the parameterization has been successfully applied in several
studies, e.g. in Hepach et al. (2014), so we assume that the sea-to-air fluxes are indeed the

main sink for mixed-layer-halocarbons.
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Sea-to- Diapycnal Other Sea-to- Diapycnal Other

airflux  flux  sinks  °%® Girflux  flux  sinks oW

CHBry  -155  +0.03 152 224 007 231
CH,Br, -210  +0.05 205  -209  -0.03 2.12
CHi 320 4008  7of 312 330 024 98X 354
CHy,  -233  +0.31  -2238 -2440 -177  -0.04 -21.75 -23.56

Table IV- 6. Averaged percentaged fractions of sinks during MSM18/3 for cases where diapycnal fluxes
provided the mixed layer with halocarbons from below (first four columns, stations 1, 3 -4, 9 - 11, 13 for
CHBrs, stations 1, 3 -6, 9, 11, 13 for CH2Br, stations 1, 9, 11 for CHsl, and stations 1 -9, 11 for CH3l,) and
where halocarbons diffused out of the mixed layer (last four columns, stations 2,5, 7 — 8, 12 for CHBTrs3,
satations 2,7 -8, 10, 12 for CH»Br, stations 2 — 8, 10, 12 — 13 for CHgl, stations 10, 11 — 12 for CHaly).

On short time scales, diapycnal fluxes of CHsl may compete with the loss due to chloride
substitution from the mixed layer. In comparison to halogen substitution (9.4 x 10™ %
depletion of total mixed layer CHzl), 0.24 % are lost due to diffusion to below the thermaocline.
Photolysis may reduce the CH,l, mixed layer budget by on average 22 % (Table IV-6).
Diapyknal fluxes along concentration gradients from maxima below the mixed layer can
clearly not account for all losses of CH,l, (sea-to-air fluxes and photolysis) during 1 h.
Between 1.55 (CHBr3) and 3.20 % (CHjsl) of the mixed layer budget of the four halocarbons
are lost due to sea-to-air fluxes, while diapycnal fluxes can only account for 0.03 (CHBr3) to
0.31 % (CHaly). The discrepancy between the large sea-to-air flux and the lower diapycnal
flux into the mixed layer for all four halocarbons has to be balanced by mixed layer
production and advection. Since we argued that advection potentially plays a minor role,
production in the whole mixed layer seems to be the most important process for emissions of
halocarbons into the tropical atmosphere, even if maximum production takes place below.
The maxima that occasionally evolve in the mixed layer suggest that production of
halocarbons is rapid, but it may vary with depth. The relative production of halocarbons in the
mixed layer is likely largest for CH,l,, because it has to account for its rapid photolysis (on
average 22 % loss in 1 h) in comparison to losses of only 1.52 (CHBr3) to 3.54 % (CHal) of
the other halocarbons. This may be in agreement to earlier studies investigating macroalgal
production proposing larger release rates of CH,l, than of CHBr;, CH,Br, and CHal (Klick and

Abrahamsson, 1992; Carpenter et al., 2000). In addition to the processes discussed above,
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the diurnal shift of the mixed layer may have an impact on the mixed layer budget of these
compounds. For instance, when the mixed layer deepens during night time due to cooling of
the SSTs, halocarbons may be introduced into the mixed layer where they are mixed up
more efficiently.

The calculations of diapycnal fluxes in comparison to loss processes of halocarbons such as
sea-to-air fluxes, nucleophilic halide substitution and photolysis implicate that mixing from
below the thermocline into the mixed layer through diffusion is generally not sufficient to
account for these losses. Mixed layer production through biological and photochemical
pathways may be the main driver for halocarbon emissions from the ocean when
halocarbons are supersaturated in surface water, even when main production of halocarbons
takes place below the thermocline (Figure IV-7). The largest discrepancy was found for CH,l,
due to its very rapid photolysis. When diapycnal fluxes act as a sink for the mixed layer
budget of halocarbons, they may compete with nucleophilic halogen substitution as important
sink for CHal. However, the long-term impact of diapycnal fluxes on the mixed layer budget of

halocarbons remains to be investigated.
1.6. Summary and conclusions

The increased biological production during the Atlantic Cold Tongue (ACT) leads to elevated
CHBr; and CH,Br, concentrations within the equatorial surface water with comparable
concentrations to other tropical upwelling systems. Both compounds showed similar
distributions and maxima in the region where the Equatorial Undercurrent (EUC) influences
the surface waters between 2° and 3° S with cooler water and elevated nutrients.
Chrysophytes, the dominating phytoplankton group in the equatorial surface waters, may be
involved in bromocarbon production. In contrast to their surface water distribution, both
compounds exhibited different distributions in the water column. While CHBr; was mostly
elevated in shallower layers, CH,Br, frequently showed maxima in deeper water below
CHBr;. This may be an indicator for bromocarbon cycling within the water column, for
example the biologically mediated conversion of CHBr; to CH,Br,. Elevated maxima of
CH,Br, were found where heterotrophic processes dominate. This may be an indicator for
processes that are involved in this bromocarbon cycling.

In contrast to other tropical Atlantic regions, the correlation of CHsl with CHBr; and with
biological parameters indicates at least partly biogenic formation of this compound.
Concentrations measured in the ACT lie within previously reported ranges from the tropical
Atlantic. In contrast to the other three compounds, CH.,l, surface water and mixed layer
concentrations were lowest due its strong photolysis, supported by a low, but significant

anticorrelation with global radiation. CH,l, maxima could be found in deep layers, where also
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CH,Br, was enhanced, suggesting similar formation or loss pathways for CH,l, at depth likely
tied to heterotrophic activities below the layers of maximum production.

The estimation of sinks in the mixed layer suggests, that halocarbon production from both
biogenic and photochemical pathways in the upper water column is likely the most important
factor contributing to marine emissions of these compounds. While sea-to-air fluxes seem to
be the most important sink for mixed layer CHBr;, CH,Br, and CHzl, photolysis influences
CHal, concentrations the most. Diapycnal mixing was found to be a small source and sink for
the halocarbon mixed layer budget. Its influence on a larger time scale than 1 h remains to
be investigated by for example time series measurements of production and loss rates of
halocarbons in combination with measurements of diapycnal mixing.

The results of this study clearly show the need to conduct more process-related studies in
the field. Future campaigns need to include diapycnal mixing when assessing halocarbons at
depth to evaluate the significance of this process for the mixed layer budget of these
compounds more thoroughly. While current studies start to concentrate more and more on
changes of emissions of halocarbons in a future climate, investigating the exact mechanisms
of formation, degradation and transport of halocarbons in the water column remains an
important task, since they have not been resolved yet. Understanding of the actual
processes that contribute to their concentrations and distribution within the water column is
crucial to predict their emissions. We therefore suggest to do further mono-cultural incubation
studies to determine more species-dependent production and consumption rates, as well as
more in-situ incubations in different depths within the water column in combination with
diapycnal flux measurements. Furthermore, more studies in the tropical ocean in different
seasons are needed to evaluate the significance of the halocarbon emissions from the

tropical ocean in a global perspective.
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Abstract. Methyl iodide (CHl), bromoform (CHBg) and  with decreasing distance to the coast. The height of the ma-
dibromomethane (C#Br;), which are produced naturally in  rine atmospheric boundary layer (MABL) influenced halo-
the oceans, take part in ozone chemistry both in the trocarbon emissions via its influence on atmospheric mixing ra-
posphere and the stratosphere. The significance of oceantms. Oceanic and atmospheric halocarbons correlated well in
upwelling regions for emissions of these trace gases in thehe study region, and in combination with high oceanigCH
global context is still uncertain although they have beenCHBr3 and CHBro concentrations, local hot spots of at-
identified as important source regions. To better quantifymospheric halocarbons could solely be explained by marine
the role of upwelling areas in current and future climate, sources. This conclusion is in contrast to previous studies
this paper analyzes major factors that influenced halocarthat hypothesized elevated atmospheric halocarbons above
bon emissions from the tropical North East Atlantic includ- the eastern tropical Atlantic to be mainly originated from the
ing the Mauritanian upwelling during the DRIVE expedi- West-African continent.

tion. Diel and regional variability of oceanic and atmospheric
CHal, CHBr3 and CHBr, was determined along with bi-
ological and physical parameters at six 24 h-stations. Low

oceanic concentrations of GHrom 0.1-5.4pmol X were 1 Introduction

equally distributed throughout the investigation area. GHBr

and CHBr, from 1.0 to 42.4 pmol L2 and to 9.4 pmol E2, \olatile halogenated hydrocarbons (halocarbons) occur nat-
respectively were measured with maximum concentrationd!rally in the oceans from where they are emitted into the
close to the Mauritanian coast. Atmospheric LHCHBY3, atmosphere. Bromine and iodine atoms released from these
and CHBr, of up to 3.3, 8.9, and 3.1 ppt, respectively were cOmpounds by photolysis and oxidation can take part in
detected above the upwelling, as well as up to 1.8, 12.8, an§atalytic ozone destroying cycles in both the troposphere
2.2 ppt at the Cape Verdean coast. While diel variability in@nd stratosphere (McGivern et al., 2000; Salawitch et al.,
CHsl emissions could be mainly ascribed to oceanic non-2005; Montzka and Reimann, 2011) with iodine also partic-
biological production, no main driver was identified for its iPating in aerosol formation (O'Dowd et al., 2002). Halo-
emissions over the entire study region. In contrast, biologi-carbons comprise brominated and iodinated methanes such
cal parameters showed the greatest influence on the regiongf Promoform (CHBg) and dibromomethane (GiBr2),
distribution of sea-to-air fluxes of bromocarbons. The diel Methyl iodide (CHI) and dilodomethane, as well as longer

impact of wind speed on bromocarbon emissions increaseghained and mixed halogenated compounds such as io-
doethane, chloroiodomethane, and dibromochloromethane.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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While CHBr3 and CHBr2 represent the largest contribu- sults from six 24 h-stations in different distances from the
tors to atmospheric organic bromine from the ocean to theMauritanian coast and from two simultaneous diel stations
atmosphere (Hossaini et al., 2012a), methyl iodide {ltH  on the Cape Verde island Sao Vincente. We aim at describing
originating mostly from marine sources, is the most abundantind quantifying significant factors that control the concentra-
organoiodine in the atmosphere (Saiz-Lopez et al., 2012). Altions and emission fluxes of GH CHBr3, and CHBr; both
though these three halocarbons are among those that receiea a diel and a regional scale, including biological produc-
the most attention due to their large contributions to atmo-tion, wind speed, and atmospheric transport. Previous studies
spheric organic halogens, many uncertainties remain regardiave hypothesized that elevated atmospheric mixing ratios of
ing their formation pathways, influences on their emissions,CHBr3 and CHBr, above the Mauritanian upwelling area
and their fate in the ocean and the atmosphere. were mainly of continental origin, since sea-to-air fluxes of
Elevated halocarbon concentrations, particularly ofthese compounds appeared not sufficient to explain the obser-
CHBr3 and CHBr», occur in coastal regions where macro vations (Quack et al., 2007a; Carpenter et al., 2009). In con-
algae are thought to be the most dominant sources (Carpenténast, the investigation by Fuhlbriigge et al. (2013) revealed
and Liss, 2000; Laturnus, 2001). Elevated concentrationigh atmospheric mixing ratios of GH CHBr3 and CHBr»
of halocarbons are often observed in upwelling regionsclose to the coast also in air masses transported from the open
with large phytoplankton activity, where cold, nutrient ocean, with a significant anticorrelation between the atmo-
rich water is brought up to the sea surface (Tokarczyk andspheric mixing ratios and the height of MABL. We therefore
Moore, 1994; Quack et al., 2004). Abiotic production such examine how oceanic emissions contribute to the mixing ra-
as photochemical processes could be of high significancéios of atmospheric halocarbons taking the height of the ma-
for the marine formation of iodinated organic trace gasesrine atmospheric boundary layer (MABL) into account. Me-
(Martino et al., 2009), e.g. CGil Hence, its distribution teorological constraints on the atmospheric distributions dur-
in the ocean may depend on physical parameters such dng the cruise are investigated in the accompanying paper by
insolation (Moore and Groszko, 1999; Richter and Wallace,Fuhlbriigge et al. (2013).
2004; Yokouchi et al., 2008; Stemmler et al., 2013).
The subtropical and tropical regions represent the largest
contributors to global emission budgets of §HCHBr3 and 2 Methods
CH2Br3 (Ziska et al., 2013). The compounds and their degra-
dation products can be carried into the stratosphere in signifThe cruise P399/2 (Poseidon 399 leg 2) named DRIVE (Di-
icant quantities (Solomon et al., 1994; Hossaini et al., 2010urnal and Reglonal Variability of halogen Emissions) of
Aschmann et al., 2011; Montzka and Reimann, 2011; TegtRVPoseidontook place from May 31 to June 17 in 2010
meier et al., 2013), since deep tropical convection can lift surin the eastern tropical North Atlantic and the Mauritanian
face air very rapidly into the tropical tropopause layer (Tegt- upwelling. The ship followed a course from Las Palmas (Ca-
meier et al., 2012). Studies by Pyle et al. (2007) and Hossainhary Islands, 287N and 15.4 W) back to Las Palmas with a
et al. (2012b) projected considerable changes in future inorshort stop at Mindelo (Sao Vicente, Cape Verde, 18land
ganic bromine in the tropical troposphere and to the strato25.0° W). The cruise track included six stations located at
sphere from biogenic halocarbon emissions due to strengtht7.6° N and 24.3W (S1), 18.0 Nand 21.0 W (S2),18.0N
ening of convection, increasing their importance in the trop-and 18.0 W (S3), 18.3N and 16.3W (S4), 19.0N and
ics. Coastal upwelling systems might play a crucial role in16.6 W (S5), and 20.ON and 17.3 W (S6) where the ship
a changing climate. The tropical Mauritanian upwelling is remained at its position for 24 h (Fig. 1). Samples for dis-
an example of a recently intensified coastal eastern boundargolved halocarbons in sea water, atmospheric halocarbons
upwelling (McGregor et al., 2007). Primary production could and phytoplankton pigments were taken at all 24h-stations in
increase with enhanced entrainment of nutrient rich deep waparallel, and additionally four radio sonde launches per 24h-
ter into the surface ocean leading to amplified productionstation were accomplished to determine the MABL prop-
of halocarbons. Increasing wind speeds, caused by enhancegities. More details on the campaign and the meteorolog-
pressure gradients (Bakun, 1990), would also directly influ-ical conditions can be found in Bange et al. (2011) and
ence the sea-to-air fluxes of all trace gases via a faster transf&uhlbrigge et al. (2013).
coefficient (e.g. Nightingale et al., 2000). Thus the identifica- Related to the ship expedition a land-based operation took
tion of factors impacting halocarbon sea-to-air fluxes is cru-place from 3 to 8 June 2010 at the Cape Verde Atmospheric
cial for assessing possible effects of climate change on futur®©bservatory (CVAO) on Sao Vincente close to Mindelo at
emissions from coastal upwelling systems. 17.6 N and 24.3 W (Fig. 1) where samples of atmospheric
This paper reports on oceanic and atmospheric halocathalocarbons were taken during two days.
bon distributions and sea-to-air fluxes from the DRIVE (Di-  Atmospheric halocarbon mixing ratios and meteorological
urnal and Reglonal Variability of halogen Emissions) cam- conditions were also determined during a second cruise leg
paign of RV Poseidonin the eastern tropical North Atlantic P399/3 from Las Palmas, Spain to Vigo, Spain and are cov-
and the Mauritanian upwelling in June 2010. We present re-ered in Fuhlbriigge et al. (2013). In contrast, this manuscript
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focuses only on results from leg P399/2. The words “whole 30
cruise” will refer to leg 2 and “whole campaign” includes leg 28°N
2 and the land-based operation at Cape Verde. 28
U
2.1 Sampling and analysis of halocarbons in sea surface 24°N 2 |°':'
water and air A
24
Dissolved halocarbons were sampled in 500 mL amber glass,q. g g
bottles from a continuously working pump from the ships v » 3
moon pool at a depth of 4.4 m. This allowed for nearly hourly cwe\,e,de;g 2 N
sampling of sea surface water at every diel station. In be-1¢°N E 2 ﬁ
tween 24h-stations, the samples were taken every 3h. The CVAO §
water was analyzed for halocarbons using a purge and tray 18
system attached to a gas chromatograph with mass spectrc12°N
metric detection (GC-MS). 80 mL of water were purged at 16

70°C for 60 min with a stream of helium at 30 mL mihin 28°W  24°W  20°W  166W  12°W
a glass chamber with a purge efficiency of more than 98 %
for all three halocarbons. The volatilized trace gases werd-ig. 1. Cruise track (black line) during DRIVE on SST derived
desiccated with a Nafi¢hdryer and were trapped on glass from the monthly composite of June 2010 of MODIS-Aqua level 3
beads at-100°C. After purging, the compounds were des- data. Whlte circles Wlth black numbers indicate 24 h-statlons_. Also
orbed at 100C onto a deactivated capillary in liquid nitrogen Marked is the location of the CVAQ (Cape Verde Atmospheric Ob-
. S rvatory).

as second trap. After three minutes, the sample was |njecteae
into the GC-MS, where the trace gases were separated on a
Rtx-VGC capillary column with a length of 60 m, a diameter 5 5 Phytoplankton pigment analysis and flow cytometry
of 0.25mm and a film thickness of 1.40 pm, and were de-
tected in single ion mode. Quantification was achieved withsamples for pigment analysis were taken approximately ev-
volumetrically prepared standards in methanol. Four calibraery 2 h at every diel station. 1L of sea surface water from
tion curves were performed using different dilutions, eaChthe continuous|y Working pump in the ships moon p00| was
injected in triplicate. One standard was injected once a dayiltered through 25 mm Whatman GF/F filters and stored
in triplicate to monitor the internal drift of the instrumental at —80°C until analysis. Back in the lab, phytoplankton
set up which was low during the whole cruise. Precision fOI’pigments were analyzed according to Tran et al. (2013)
these measurements lay within 16 % for 4LHand 6% for  using a Waters high-performance liquid chromatography
CHBr3 and CHBr2, determined only from duplicates due to (HPLC) system at the Alfred Wegener Institute for Polar and
time constraints. Marine Research Bremerhaven (AWI). Apart from chloro-

Air samples were taken hOUI"y at the diel stations. Theyphy” a (Ch| a), the 27 marker pigments for which samp|es
were pumped into stainless steel canisters on the compasgere analyzed include various chlorophyll type pigments
deck at a height of 13.7 m with a metal bellows pump. Sam-such as chlorophyltl, c2 and c¢3, divinyl chlorophyll b,
ples were analyzed within a month at the Rosenstiel Schoothlorophyll 5, divinyl chlorophyll @, and phaeophytin.
of Marine and Atmospheric Science in Miami with a preci- The following carotenoids were detected: peridin, predinin
sion of approximately 5% using GC-MS (Schauffler et al., derivative, 19-butanoyloxyfucoxanthin, fucoxanthin, neox-
1999). Previous campaigns show that stability of the meaanthin, 19-hexanoyloxyfucoxanthin, violaxanthin, astaxan-
sured compounds in the canisters is not an issue over thigin, prasinoxanthin, diadinoxanthin, alloxanthin, diatoxan-
time period. Additionally, air samples were taken at CVAO thin, anthreaxanthin, zeaxanthin, luteincarotene, ang-
on an hourly basis parallel to the first two diel stations of the carotene. Marker pigments and their relative abundance are
ship. Samples were taken according to the method onboarghdicative for different phytoplankton groups.
the RV Poseidonn approximately 3m helght above gl’OUﬂd For flow Cytometry, 4mL of water from the underway
and then analyzed along with the other canisters collectegyump system were preserved with glutaraldehyde with a fi-
during the cruise. Oceanic and atmospheric measurementga| concentration of 0.1 %, shock frozen in liquid nitrogen
were intercalibrated against whole air working-standards oband stored at-80°C. Flow cytometry samples were ana-
tained from the NOAA Global Monitoring Division (Boul-  |yzed for nanoplankton, picoplanktoRrochlorococcusand
der, USA). Synechococcust the AWI according to Taylor et al. (2011).

Potential cell loss associated with the sample fixation has not
been taken into account.
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Table 1. Means and ranges (minimum — maximum) of ambient parameters (SST, salinity, @inld speed, MABL height) during DRIVE
for open ocean stations S1-S2 and coastal stations S3-S6.

S1 S2 S3 S4 S5 S6
Parameter Unit 17%N and 18.0°Nand 18.°Nand 18.5 N and 19.° N and 20.C° N and
24.3 W 21.00W 18.0 W 16.5 W 16.66 W 17.3 W
SST °C 24.5 23.2 21.7 23.3 20.4 18.6
(24.4-24.7) (23.0-23.6) (21.6-21.8) (23.1-23.4) (20.2-21.0) (18.4-18.7)
Salinity 36.7 36.4 35.9 35.9 35.8 35.9
(36.7-36.7) (36.4-36.5) (35.9-35.9) (35.9-35.9) (35.8-35.8) (35.8-35.9)
Chla Mg L1 0.05 0.30 1.00 1.63 4.50 4.80
(0-0.08) (0.10-0.43)  (0.58-1.79) (0.81-3.01) (1.69-8.12) (7.40-6.70)
Wind speed msi 4.6 11.0 6.0 9.7 8.9 11.0
(2.0-7.1) (7.8-14.8)  (3.9-9.0) (6.7-12.9) (4.3-13.7) (6.8-14.2)
MABL height m 950 540 290 120 25 190
(850-1100) (400-700)  (200—400) (50-200) (surface—100)  (100-350)
2.3 Calculation of sea-to-air fluxes and saturation 3 Hydrography and environmental parameters during
anomaly DRIVE

Sea-to-air fluxesK) of CHsl, CHBr3 and CHBr, were cal-
culated using the air-sea gas exchange parameterization
Nightingale et al. (2000). Schmidt humbe3d corrections
for the compound specific transfer coefficiets derived
with the transfer coefficienkco, of CO as reported by
Quack and Wallace (2003) were applied.

I—*igh SST values between 23.0 and 24C7and high salini-

%es from 36.4 to 36.7 observed at S1 and S2 close to Cape
Verde (Figs. 1-2a, Table 1) were consistent with tropical sur-
face water characteristics (Tsuchiya et al., 1992). LowdChl
concentrations between 0.00 and 0.43 i were a sign of

low primary production there. Stations S1 and S2 are hence
& Scd defined as open ocean. Wind speed had the lowest mean of
= (1)  the whole cruise at S1 with 4.6 mSand was highest at S2
kco, 660 with a mean of 11.0 ms. The MABL height in this region

The air-sea concentration gradient was derived from all si-détermined by Fuhibrigge et al. (2013) ranged between 400

multaneous waterc{,) and air ¢am) measurements calcu- "’T”d _1100m (Table 1). With decreasing d[st_ance to thg Mau-
lated with the Henry's law constan# of Moore and co- ritanian coast, ade_crease in SST and salln!ty_and an increase
workers (Moore et al., 1995a, b) to obtain the theoretical'" Chla concer!tratlons were observed. This is a sign of the
equilibrium concentrationgm/ H. North West Afrlcgn upyvellmg system on the Afrlca}n shelf
as part of the wind-driven Canary Current extending from
F=ky- (cw B Cain) 2) 30° Nto 1C N (Fedoseev, 1970). South Atlantic Central Wa-
H ter (SACW), characterized as a straight T-S curve between
. 5°C and 34.3 and 20C and 36.0 (Tomczak and Godfrey,
The saturation anomal§ was calculated from the concen- . L
tration gradient as the percentage of the equilibrium concen-z.oos)’ is transported to the Mauritanian coast by a ppleward
tration directed undergurrer_ﬂ. Between°I® and 20 N upwelling
' of the cold nutrient rich SACW takes place from late fall to
Catm catm\ 1 late spring (Minas et al., 1982; Tomczak, 1982; Hagen, 2001)
§= (( w _> ' 100) ’ (_) (3) after which the upwelling starts to cease due to changing at-

o . mospheric conditions induced by the shift of the Intertrop-
Water temperature and salinity were continuously recordeq Convergence Zone (Mittelstaedt, 1982). Although the

using the ships’ thermosalinograph. Air pressure and wind,,,ejling already began to cease during our cruise, stations
speed were determined by sensors on the compass deck a84_gg are defined as upwelling and coastal stations (further
in 25.5m height, respectively. Ten minute averages of these,, cajled coastal stations) due to the lower SSTs observed
four parameters were included in the calculations, and wWindare The lowest SST with 18°€ as well as the highest
speed was corrected to 10 m values. daily mean Chlu concentration of 4.80 pgt! were found
at the northernmost station (S6), while the overall maxi-
mum Chla concentration of 8.12 ugt! was observed at S5.
MABL heights generally ranged between surface and 400 m
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o Fig. 5. Wind speeda), concentration gradient®) and sea-to-air
at one station in the course of 24 h (Table 1). Due to the clas; .
L . . . luxes(c) of CHzl, CHBr3 and CHBr, during DRIVE.
sification of the stations into two regions, average values o
both open ocean stations together are based on fewer mea-

surements than average values of the four coastal stations. ) .
oceanic CHI (Fig. 2a). It was generally lower above the

open ocean with 0.9 (0.6—1.3) ppt on average and increased

4 Results towards the coast with a mean (range) of 1.6 (0.9-3.3) ppt

(see also Fuhlbriigge et al., 2013). In total, atmospherigl CH
4.1 Methyl iodide (CHzl) had a lower regional variability of 44 % than oceanic4CH
4.1.1 Regional distribution 4.1.2 Diel variations

At the open ocean stations S1 and S2 higher mean oceaniof all three halocarbons, oceanic gllshowed the largest
CHzl of 2.4 pmol L~1 was found than at coastal stations S3— diel variability which was also larger than its regional vari-
S6 with a mean of 1.8 pmolt! (Fig. 2b, Table 2). The max- ability. The lowest and the highest mean variability during
imum mean oceanic C3flof 3.0 (1.7-5.4) pmol L was ob- 24 h were found at the open ocean stations S1 with 29 % and
served at S1, while S3 showed the lowest mean of 1.2 (0.2-at S2 with 62 %. At the coastal stations oceaniczCthr-
2.1) pmol L~ during 24 h. In total, the regional variability of ied between 37 % (S6) and 60 % (S4). While at four stations
CHsl, which is the relative standard deviation between themaxima of CHl in the surface water were found in the morn-
means of the individual stations, was the lowest of all threeing hours, elevations in the afternoon were observed at open
halocarbons with 56 %. Correlations to neither phytoplank-ocean station S2 and coastal station S6. Hence, no overall
ton pigments nor to picoplankton abundances were found fodiurnal cycle could be detected.
CHzsl in sea surface water (Table 3). Low relative diel variability between 9% (S2) and 11 %
Atmospheric CHI with an overall mean of 1.3 (0.6— (S1) was observed in atmospheric g&Habove the open
3.3) ppt revealed a different distribution in comparison to ocean. The variability at CVAO at the same time ranged
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Table 2. Results of halocarbon measurements (water and air) and calculations (saturation anomalies and sea-to-air fluxes) for all six diel
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stations and parallel air sampling at CVAO.

S1 S2 S3 S4 S5 S6
17.6 N and 18.0° N and 18.0° N and 18.5 N and 19.C° N and 20.0°N and
243 W 21.0W 18.0 W 16.5 W 16.6 W 17.3 W
Compound  Parameter Unit
Water pmol -1 3.0 1.8 1.2 1.6 2.2 2.0
(1.7-5.4) (0.4-3.9) (0.2-2.1) (0.6-3.4) (0.1-4.5) (0.8-3.5)
Air ppt 0.7 11 1.0 1.6 2.3 13
(0.6-1.0) (1.0-1.3) (0.9-1.1) (1.1-2.7) (1.4-3.3) (1.1-2.7)
CVAO air ppt 0.9 14 - - - -
CHsl
s (0.7-1.0) (1.1-1.8)
Saturation anomaly % 2606.3 870.2 532.2 445.6 410.8 672.1
(1321.1-4597.1) (99.4-2243.7)  (—8.5-967.1)  (90.8-1167.4) (—65.8-928.7) (210.1-1242.3)
Sea-to-air flux pmolm2h~1 158.3 372.6 79.0 227.7 259.6 382.5
(59.3-330.4) (39.6-941.6) (-1.7-212.2)  (61.4-500.5) (—64.6-871.6)  (106.1-837.9)
Water pmol (i 1.2 3.0 16.2 11.9 30.6 15.3
(1.0-1.6) (1.9-3.8) (11.3-25.5) (8.1-14.7) (26.1-42.4) (12.8-17.5)
Air ppt 0.6 1.8 5.3 5.3 7.0 4.9
(0.5-0.8) (1.2-2.4) (4.2-6.1) (4.2-6.6) (5.4-8.9) (4.1-6.0)
CVAO air ppt 6.7 6.8 - - - -
CHBr;
3 (2.3-12.8) (3.7-12.8)
Saturation anomaly % 39.6 17.7 80.6 46.1 148.0 594
(-14.7-79.3)  (—40.3-97.3)  (43.0-212.7) (5.2-94.4) (69.4-243.1) (5.4-105.5)
Sea-to-air flux pmolm2h=1 155 65.6 489.1 611.7 2423.0 1098.2
(—8.5-45.0) (—273.4-426.7) (241.4-1610.9) (41.7-1333.8)  (1063.3-6068.9) (77.8—2360.2)
Water pmol -1 1.2 1.9 4.0 5.4 8.8 5.1
(1.0-1.3) (1.5-2.2) (3.1-4.9) (4.1-6.1) (8.1-9.4) (4.6-5.8)
Air ppt 1.0 1.4 2.2 2.4 2.8 2.1
(0.9-1.1) (1.1-1.6) (2.0-2.4) (2.0-2.9) (2.5-3.1) (1.9-2.3)
CVAO air ppt 14 15 - - - -
CHyBr
2= (1.1-2.1) (1.2-2.0)
Saturation anomaly % 24.7 37.7 64.7 122.0 169.0 86.1
(3.4-43.2) (4.1-72.2) (30.9-111.5) (82.7-165.0) (131.8-204.3)  (70.1-110.6)
Sea-to-air flux pmolm2h—1 10.6 118.5 115.7 511.8 815.4 470.4
(1.8-27.9) (14.5-214.3) (50.0-260.3) (207.9-801.0)  (285.6-1429.4) (295.5-671.6)

between 9% (4 June, parallel to S1) and 14 % (June 6 and For CHsl the highest saturation anomalies with means of
7, parallel to S2) (Fig. 3a, Table 2) with mean mixing ra- 931 (—66—-4597) % (Fig. 4a, Table 2) and the lowest con-
tios of 1.2 ppt (0.7 ppt, 4 June—1.8 ppt, 6 June). At the coastatentration gradients of 1.7-0.3-5.3) pmol L (Fig. 5b) of
stations S3-S6, diel variability of 7 (S3) — 33 % (S4) was ob-the three halocarbons were calculated forsCldr the whole
served. The highest mean atmospheric variability at S4 coineruise. Both were consistent with the oceanic distribution:
cides with the largest oceanic variability. Similarly to oceanic they were highest in the open ocean with maxima at S1 where
CHal, there is no overall diurnal cycle in atmospheric mixing however no high emissions of this compound were calculated
ratios. Maxima and minima occurred in both day and nightbecause of the prevailing low wind speeds during that time
hours. (Fig. 5c). The open ocean was generally highly supersatu-
rated with mean anomalies of 1715 % on average, decreas-
ing towards the coastal stations to a mean of 522 %. The re-
ducing effect of atmospheric GHon the sea-to-air flux was

) ) . . . low, usually less than 50 %. One exception was S5 where low
Sqturatlon anomalies (F'_g' 4), co_ncentratlon graOIIentoceanic CH]I coincided with high atmospheric mixing ra-
(Fig. 5b) as well as sea-to-air fluxes (Fig. 5¢) were calculatedijng ang the flux reducing effect reached 300 % leading to a
according to Egs. (1)~(3) (Table 2). To constrain the atmo-p; into the water. Mainly positive sea-to-air fluxes of gIH
spheric influence on the concentration gradient, thus on the, |4 pe observed with a mean of 254 pmoatdh—1 for the
sea-to-air fluxes, the fraction of the equilibrium concentra- 1, 5\e cruise £65 at coastal station S5 to 942 pmoth—1

tion caym/ H of the oceanic concentratian, was calculated 4 ohen ocean station S2) (Fig. 5¢, Table 2). Open ocean and
(Fig. 6a). This is the relative reduction of the sea-to-air flux mean coastal fluxes of 268 and 246 pmmzm—ly respec-

by the atmospheric mixing ratios compared to an empty atyjyely were in a similar range though with potentially higher

fmotzphere, which will be referred to as “flux reducing effect” g,,yos in the open ocean due to its large supersaturation there.
urther on.

4.1.3 Saturation anomaly, sea-air concentration
gradient and sea-to-air fluxes
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Table 3.Correlation coefficient®2 of halocarbons to nano- and picoplankton abundances as well as to phytoplankton pigment data (MLR —

Multiple Linear Regression). The correlations to Prochlorococchus are all significant on the p <0.05 level. Negative correlations are printed
in italic.

n CHzl  CHBr3 CHyBrp

Prochlorococcus 72 0.10 0.39 0.26

Nano- and picoplankton o 72 <0.08 <009 <0.10

Phvotplankt . t Chla 61 0.00 0.38 0.49
yotplankton pigments . o 61 None 079 o

4.1.4 Impact of oceanic CHI and wind speed on fluxes

The sea-to-air flux of CKl showed significant but

low regional correlations with sea surface concentrations ® @ 6 @6 6
(R%2=0.37) and wind speed®? = 0.24) for the whole cruise 66— ————300 ¥
(Fig. 7a, d, Table 4). Considering each station individually, = =]
high significant correlations of oceanic glHand sea-to-air Zo' 4. 1200 &
flux were found at open ocean station S2 and at all coastal £ °
stations withR? ranging between 0.57 and 0.91. Signifi- % 2l | 1100 2
cant correlations of wind speed to the gtsea-to-air flux E:; M 3
only existed at coastal station S3 and open ocean station S: a) | E
(R?=0.24 and 0.76). 0 =— = 0
4.2 Bromoform (CHBr3) and dibromomethane _ - 200 g
(CH2Br2) 236! N\ 1150 3
[} L
4.2.1 Regional distribution .S.— 2 JWL k 1100 E’
- o
CHBr3 and CHBr2 were both lower in the open ocean with % 121 &2‘ &fﬂ ,7,.0& 150 ‘g
means of 2.3 (1.0-3.8) pmolt for CHBrz and 1.6 (1.0—- Y b) e kS
2.2) pmol L1 for CH,Br, with minimum concentrations oc- L — 0 «
curring at S1 (Fig. 2c, d, Table 2). Both compounds had _
higher coastal concentrations of 18.3 (8.1-42.4)pmdIL  _, 12— T 100 S
for CHBrsz and 5.8 (3.1-9.4) pmol 1! for CH,Br» with max- J gl JJ’\ M iy 75 B
ima at S5 and a much more pronounced increase in oceanit g \m} =
CHBr3 than in CHBro. CHBr3 and CHBr» in sea surface S 6 | w (f:/v' {50 2
water demonstrated much higher relative regional variability A L.\ Mgt 2
of 78 % (CHBE) and 59 % (CHBTr>) than oceanic CHl. - 37 e W 2505
Atmospheric CHB§ and CHBr, increased towards the 0 ) == ’C"’J“ - 0 E
coast similarly to their oceani_c counterparts (Fig. 2¢, d, Ta- 03 04 05 06 07 08 09 10 11 12 13 14 15
ble 2). The highest mean regional variability was found for Days in June 2010
CHBr3 (56 %), while atmospheric Ci#Br, showed the low-
est (33 %) of the three halocarbons. Fig. 6. Influence of atmospheric mixing ratios on the amount
of oceanic halocarbons emitted for gH(a), CHBr3 (b), and
4.2.2 Diel variations CH2Br; (c). Oceanic concentrations are plotted in grey (left axis),

the equilibrium concentration is delineated in black, and the con-

Diel variations of both CHBy and CHBr, in sea surface centration gradient is shaded in grey. The percentaged reduction of
water were generally lower than their regional variations.the cqncentra‘uon gradlent by the equmbrlu_m concentration (qux_
The variability of CHBg ranged between 14 % (S1) and r_ed_ucmg effect) de_rlve_d from the_atmospherlc measurements (equi-
19% (S2) in the open ocean, while the variability of B Il_brlunj concent_ratlon in percgnt in relation to the water concentra-

. ! tions) is shown in red (right axis). Values above 100 % refer to fluxes
was even Iower' with 7% (S1) and 9% (S2). At mqst of trom the atmosphere into the ocean.
the coastal stations CHBrand CHBr, revealed similar
distributions throughout 24 h with maxima in the evening

and night hours with the exception of S5 where maxima
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Fig. 7. Sea-to-air fluxes versus sea water concentrations af Git), CHBr3 (b) and CHBr» (c) and wind spee@d—f) during DRIVE.

of 42.4 pmol L1 (CHBr3) and 9.4 pmol L1 (CHBr,) were 4.2.3 Correlations of CHBr3 and CH>Br 2 with

found in the morning hours. The highest diel variation of phytoplankton pigments

23% was found at coastal station S3 for oceanic CHiBr

while CH;Br, was generally less variable ranging from 4 Surface water concentrations of CHBand CHBr, corre-

(S5) to 10% (S4). lated significantly with Chk at the 95 % level with correla-

Atmospheric mixing ratios of bromocarbons were low tion coefficientskR? of 0.38 and 0.49 (Table 3, Figure 2a).

at the open ocean stations S1-S2 with means between OMultiple linear regressions (MLR) of brominated halocar-

and 1.78ppt and relative standard deviations of 13—-19 %bons to all phytoplankton marker pigments were carried out

for CHBrs and atmospheric CiBr, ranging on average be- for the whole cruise. All pigment data related to CHRBxr

tween 1.0 and 1.4 ppt with a relative standard deviation ofCH,Br, with p <0.05 was regarded as significant. The six

5-9%. At CVAO mean mixing ratios of 6.7—6.8 ppt CHBr pigments chlorophylb, chlorophylic3, fucoxanthin, diatox-

and of 1.4-1.5ppt CpBr, were higher than at S1-S2, as anthin, pyrophaeophorbide and zeaxanthin were found to

was their diel variability ranging from 35-43 % for CHBr describe the regional distribution of CHBbest (Fig. 2e,

and 14-16 % for CkBr2 (Fig. 3b, ¢, Table 2). The highest Table 3). Chlorophylb, fucoxanthinx-carotene (negatively

atmospheric CHBy during the whole campaign of 12.8 ppt correlated) and alloxanthin were important for £§B4, in the

was measured at CVAO on 7 June. The diel variability of order of explanatory power. Additionally, significant but low

atmospheric CHBy at the coastal stations S3—-S6 was gen-correlations of CHBy and CHBr, were found tdProchloro-

erally lower than what was observed above the open oceaooccuswith R?=0.39 andr?=0.26 (negatively correlated).

with 7 (S3)-14 % (S4) and means of 4.8 (S6)—7.0 ppt (S5).

The diel variability of atmospheric CiBr at the coastwas  4.2.4 Saturation anomaly, sea-air concentration

similar to the open ocean with 5 (S6)-10 % (S4) and means gradients and sea-to-air fluxes

of 2.1 (S6)-2.8 ppt (S5). Atmospheric CHBand CHBr»

showed no overall diurnal cycles above neither open ocearhe ocean was generally supersaturated with GHBrd

nor coastal stations with maxima during both day and nightcH,Br, (Fig. 4, Table 2). The overall saturation anomaly

hours. of 65 (—40 — 243)% for CHBg was slightly lower than
the mean of CHBr, with 84 (3—-204) % (Fig. 4b). Both
displayed similar trends opposite to giHlower anoma-
lies of around 30% in the open ocean stations, increas-
ing towards the coastal stations S3 — S6 with means of
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83 % for CHBgR and 110 % for CHBro. Maximum satura-  Table 4. Correlation coefficients for water concentrations of halo-
tion anomalies coincided with maximum oceanic and atmo-carbons and wind speed with sea-to-air fluxes of halocarbons for the
spheric bromocarbons at S5 with daily means of 148 % forwhole cruise and for the individual stations. Coefficients printed in
CHBr3 and 169 % for CHBr,. The concentration gradient Pold represent significant correlations wiifx 0.05.

cw — catm/ H of CHBr3 was the highest of all three halo-

carbons with a total mean of 5.8-1.3-30.0) pmol 2, fol- Station R of with F of n
lowed by CHBr» with a mean of 2.2 (0-6.3) pmofil and CHzl CHBr3 CHoBrp
minima in the open ocean region (Fig. 5b). The reducing ef- Whole cruise \Vaterconc. 037 0.68 0.71 109
fect of atmospheric CHBrand CHBr, on the sea-to-air flux Wind speed 0.24  0.14 0.29

was >75 % in the open ocean where both compounds were s1 wﬁsrsc‘;‘; 833 g'gg 00;;5 18
close to equilibrium and decreases simultaneously with the Water Eonc. 089 078 0.64
strongly increasing concentration gradient towards the coast S2 Wind speed 0.00  0.00 015 19
(Fig. 6b, c). For CHBg and CHBr» the flux reducing ef- Water conc. 0.67  0.66 0.42

fect was around 50% at the four coastal stations (S3-S6). S3 Wind speed 0.24  0.21 0.56 o
Sea-to-air fluxes of CHBrand CHBr; for the whole cruise sa Water conc. 091 060 053
were on average higher than gHluxes with 787 (273— Wind speed  0.02 0.67 0.93

6069) pmolnT?h~! and 341 (2-1429)pmolnth=1, re- S5 wﬁzrscc::; 06582 g :’;’ %%95 18
spectively (Fig. 5c, Table 2). Fluxes of both compounds were Water fonc. 079 070  0.00

low in the open ocean region with means of 41 pmofrh 1 S6 Windspeed 006 082 078 20

for CHBr3 and of 66 pmol m2h~1 for CH,Br». Higher sea-
to-air fluxes of CHBg and CHBr, with means of 1171 and
483 pmol 2 h~1 were observed at the coastal stations S3—
S6. The maximum fluxes of both compounds were found atRegional and diel variability in the concentration gradi-

coastal station 5. ent was primarily a result of varying oceanic gilHThe
oceanic concentrations during DRIVE (0.1 to 5.4 pmotL

4.2.5 Impact of oceanic CHBg and CH,Br, and wind Table 2) compare well to the measurements by Schall et
speed on fluxes al. (1997) of 0-3 pmol Lt in the Atlantic, north of 42N

] during boreal wintertime. In contrast, Richter and Wallace
Sea surface water concentrations of CklBind CHBr2  (2004) measured 3-5 times higher oceanicsOkith 7.1—

correlated regionally to sea-to-air fluxes wilf = 0.68 16 4pmol (=L in boreal fall south of 15N, and Jones et
(CHBr3) and 0.71 (CHBro) for the whole cruise (Fig. 7, Ta- 5 (2010) reported even 6 times higher concentrations (total
ble 4). Significant correlations of CHBfluxes with sea sur- range from min to max: 1.0-36.5 pmott, data from Jones
face water concentrations were found at all 24h-stati®@ts ( et al., 2010; Ziska et al., 2013) in the same region and sea-
from 0.34 _to 0.78). The highest correlations of sea surfaceygp, Similarly to DRIVE, Jones et al. (2010) found no sig-
CH,Br to its sea-to-air fluxes were found at open ocean stayisicant difference between open ocean and coastal regions
tion S2 (0.64) and coastal stations S3 and S4 (0.42, 0.53). Nghich was ascribed to photochemical sources supported by
significant correlations could be observed at coastal stationg,e incubation experiments of Richter and Wallace (2004)
S5and S6. In contrast, wind speed showed low but regionallyf,om the equatorial Atlantic. Richter (2004) found a rela-
significant correlations to the overall sea-to-air fluxes with tionship of oceanic Chl with wind speed within this data

2_ 2_ ideri . . .
R#=0.14 (CHBg) andR” =0.29 (CHBr?). Considering the  \yhich was not found during DRIVE: lower wind speeds led
stations individually, CHBy and CHBr revealed high cor- 5 elevated oceanic G#f The much more elevated oceanic
relations of wind speed with sea-to-air flux at coastal stationsCH3| of Jones et al. (2010) was measured in our study region

. 2 .

S4-S6 withR* from 0.56 to0 0.95. and season. A possible explanation for their largely elevated
CHjsl concentrations compared to our and other open ocean
values (Ziska et al., 2013) might be enhanced photochem-

5 Discussion . M L . :
istry, but more detailed information is not given in the study

5.1 Sea-to-air fluxes of CHI of Jones et al. (2010). Smythe-Wright et al. (2006) measured
CHal as high as 45pmolt! in the Atlantic region south
5.1.1 Oceanic and atmospheric CHl as drivers of the of 40° N in late summer which was accompanied by high
regional and diel variability of the concentration Prochlorococcusabundance. In contrast, no outstanding re-
gradient lationship of CHI with picoplankton includingProchloro-

coccusor the marker pigment divinyl chlorophydl indica-
The ocean was highly supersaturated withsCtHroughout  tive of these species was found during DRIVE. Addition-
most of the cruise which is underlined by the low impact ally, no correlation with diatom pigments as suggested by
of atmospheric CHl on its concentration gradient (Fig. 6a). Lai et al. (2011) for the production of open ocean4{Citas
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observed, supporting photochemistry as important producand similar error bars at the plot that includes all data points
tion pathway for its formation as suggested by Moore andin Figure 8b). Diel variability in fluxes could be mainly as-
Zafiriou (1994). The likely non-biological formation of GH  cribed to variations in oceanic GH since they were much
also leads to high saturation anomalies in open ocean suhigher than the diel variability in wind speed (Fig. 8a, b).
face waters. The lower saturation anomalies in the coastabignificant correlations of wind speed with sea-to-air fluxes
zone might likely be a result of upwelled water diluting of CHzl were only found at two 24h-station. The high corre-
the more concentrated surface water (Happell and Wallacdation to wind speed at S1 was caused by the large variability
1996) combined with the elevated atmosphericsCabove  of the generally low speeds in combination with a relatively
the upwelling. The large supersaturation of kh surface  constant high concentration gradient. Here we note that al-
water of the open ocean region indicates their potential forthough the parameterization of Nightingale et al. (2000) is a
largely elevated sea-to-air fluxes in contrast to the coastatommonly applied parameterization fly in oceanic trace
area. However, Ckl production may not be completely in- gas emissions, it might not include all factors influencing
dependent of biological parameters. Lacking correlations ofsea-to-air fluxes. Stability of the atmosphere and the ocean,
CHal concentrations with pigment and flow cytometry data sea state, bubble transfer, as well as surfactants might influ-
does not necessarily allow for excluding a biological sourceence the transfer across the air-sea interface as well. Some of
completely. The concentrations are a result of production andhese factors are included in the TOGA COARE algorithm
loss processes, which may partly be temporally and spatiallyepresenting an alternative method for deriving transfer co-
decoupled. Another possible source for {Llihvolves bac-  efficients, which involves an additional set of meteorological
teria (Manley and Dastoor, 1998; Amachi et al., 2001; Fuseparameters such as air temperature and specific humidity pro-
et al., 2003) which has not been taken into account durindiles, solar irradiance, downwelling longwave irradiance, and
DRIVE. Additionally, Bell et al. (2002) suggested that or- precipitation (Fairall et al., 2003).
ganic precursors from phytoplankton production could be in-  Our mean (13-90" percentile) fluxes of 268 (64-550)
volved in the photochemical formation of GHn the surface  in the open ocean and 246 (42-523)pmofh~1 in the
ocean. coastal region are 7.5 and 8.7 lower than the fluxes of
Atmospheric CHI (0.6 to 3.3ppt) measured during Jones et al. (2010) of 2021 (417-4046) and 2154 (321-
DRIVE falls well within the range of tropical Atlantic val- 4096) pmol T2 h~1. Although the spatial resolution of the
ues reported by Williams et al. (2007) of 1.4 (0.6—-3.0) ppt. measurements by Jones et al. (2010) in the same region
Air mass back trajectory analysis and similar ranges of atmowas higher than during DRIVE, the difference in emission
spheric CHI at open ocean station S1 and parallel at CVAO strength can be mainly explained by their large sea water
on Cape Verde indicate open ocean air masses at both lazoncentrations and very low atmospheric mixing ratios com-
cations on 4 June (Fuhlbriigge et al., 2013). Wind speed apared to our study. The fluxes reported here were 3.8 times
Cape Verde was highly variable on June 6 (Fig. 3d) leading tdower than fluxes reported by Richter and Wallace (2004)
high variations in local sea-to-air fluxes likely causing the ob- (958.3+ 750.0 pmol T2 h~1) using a similar flux parame-
served higher mean variability in atmospheric4Lat CVAO terization which are a result of higher oceanic4CHs well.
parallel to open ocean station S2 (Sect. 4.1.2, Fig. 3a). At-
mospheric CHI during DRIVE at CVAO (0.7-1.8 ppt) was 5.2 Sea-to-air fluxes of CHBg and CH»Br»
generally lower than the 1.2—-13.8 ppt detected by O'Brien et

al. (2009) in a similar season. 5.2.1 Oceanic and atmospheric CHBf and CH2Br, as
Non-biological or indirect biological formation mecha- drivers of regional and diel variability of the
nisms in the surface water seem likely since the variability in concentration gradient

oceanic CHI was not correlated to the measured biological

variables. Although a biological source cannot completely beThe oceanic concentrations of both compounds were gener-
excluded, the abiotic formation thus appears as main driverlly driving factors for their concentration gradients during
for variations of its concentration gradient across the air-sedDRIVE. Only in the open ocean atmospheric CHBmd
interface with negligible influence from atmospheric H CH,Br, reduced the sea-to-air fluxes significantly (Fig. 6)

on oceanic concentrations. where the low oceanic concentrations were close to equilib-

rium with the atmosphere and even led to undersaturation of

5.1.2 The relative influence of concentration gradient CHBr3 at S2. The concentration gradient increased towards
and wind speed on sea-to-air fluxes of Ckl the Mauritanian upwelling with a much more pronounced in-

crease in oceanic CHBand CHBr2 than in the atmosphere.
Applying the parameterization of Nightingale et al. (2000), The oceanic and atmospheric concentrations as well as the
sea water concentrations and wind speed were almost equallyoncentration gradients of both bromocarbons peaked simul-
important as driving factors for the variations in the £#H taneously at coastal station S5. Open ocean GHBIO—
sea-to-air flux for the whole cruise region (Fig. 7) based on3.8 pmol 1) and CHBr, (1.0-2.2 pmol 1), increasing
their similar regional variability (see the scatter in Fig. 8a towards the coast of Mauritania to 8.1-42.4 pmotLand
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Fig. 8. Left side — wind speed versus GH(a), CHBr3 (c) and CHBr, (e) water concentrations. Symbols are filled according to their sea-
to-air flux (see color bars). Right side — mean wind speed versus megi®HCHBr3 (d) and CHBr» (f) water concentrations with their
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(S1-S6) and for all stations together. Symbols are filled with the relative standard deviations of the sea-to-air fluxes (see color bars).

Table 5. Phytoplankton pigments that were found to be significant ton groups which were investigated with MLR more thor-

at p <0.05 and what they are indicative for. oughly. However it should be noted that, for example, fucox-
anthin, which mainly occurs in diatoms, is also present in

Pigment Indicative for ~ CHBy  CHBr; other phytoplankton groups to a certain extent (Jeffrey and
Chlorophyllb Chlorophytes  x X Vesk, 1997). Productio_n of halocarbons and the occurrence
Chlorophylic3 Haptophytes  x of the phytoplankton pigments may also take place on dif-
Fucoxanthin ) X X ferent time scales, which may obscure or stimulate a correla-
Diatoxanthin Diatoms X tion. CHBr3 and CHBr, showed a relationship t€hloro-
Zeaxanthin Cyanobacteria  x phytesand Diatoms while CHBr; also correlated signifi-
«-carotene X

cantly with Cyanobacteriaand CH:Br; with Cryptophytes
(Tables 3, 5). Similar biological sources for both bromocar-
bons are in agreement to previous studies (Manley et al.,
1992; Tokarczyk and Moore, 1994). The regional distribution
of Chlorophytesand CHBg and CHBr, were in best agree-
3.1-9.4pmol 1, respectively were in good agreement to Ment to each othebiatoms although they were the dom-
earlier studies conducted in the oligotrophic tropical andinant species in the Mauritanian upwelling and have been
subtropical Atlantic. Class and Ballschmiter (1988) reportedshown to produce halocarbons in the laboratory (Moore et al.,
3.2-23.7pmol ! for CHBr; and 1.7-5.8pmolt?! for 1996), appeared not as major contributors to bromocarbons
CHyBr, in March, Schall et al. (1997) found 3.2-8.0 for Which is in agreement to Quack et al. (2007b). Addition-
CHBr3 and 1.0-1.8 pmol t: for CH,Br in boreal winter-  ally, pyrophaeophorbidewas shown to be significant for the
time, while Carpenter et al. (2009) published values from CHBYr3 distribution. This chlorophyll degradation product is
the same season as DRIVE of 2.1-43.6 for Cii&nd 0.7—  specific for grazing which could lead to release of bromo-
8.7 pmol L1 for CH,Br with the highest values in the Mau-  carbons (Nightingale et al., 1995) produced within the algae
ritanian upwelling and close to the coast. In contrast to(Moore et al., 1996). The correlations with phytoplankton
oceanic CHI during DRIVE, oceanic CHBy and CHBr» pigments indicate a potential biological production of CEIBr
was elevated in the biological active regions and correlatec@nd CHBr2, which is also supported by their regional distri-
with phytoplankton pigments. bution. However, these correlations can neither resolve the
Possible biological sources during DRIVE were identi- rates of production and loss processes of bromocarbons in
fied by using pigments indicative for various phytoplank- the ocean, nor their temporal and spatial distribution. Thus,

Alloxanthin Cryptophytes

Pyrophaephorbide a  Grazing X

x
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the correlations found during DRIVE only represent indica- Carpenter et al. (2009) derived 8.9 times higher CHBr
tors to possible source organisms. fluxes in the open ocean and 1.3 times higher in the coastal
Diel variability in the open ocean for both bromocarbons region of mean (10th-90th percentile) 367 (42—625) and
was very low and increased towards the coast. No rela1483 (421-3504) pmol nf h~1 in comparison to our study
tionship of halocarbons to either light, SST or salinity was with 41 (-150 — 222) and 1171 (300 — 2463) pmoifin—1.
found during 24 h. Elevated CHBiand CHBr, were usu-  Sea-to-air fluxes of CpBr, calculated by Carpenter et
ally observed during evening (S3, S4 and S6) and nightal. (2009) were 2.4 times higher in the open ocean and in
hours (S5). In contrast, many laboratory and field studiesa similar range in the coastal region with 158 (17-288) and
with both macroalgae and phytoplankton have shown max554 (204—-917) pmolm?h~! in comparison to 66 (5-155)
ima of CHBr and CHBr, during the day which was at- and 483 (109-809) pmoln? h~1 (this study) analyzing the
tributed to light induced oxidative stress on the organismssame season and region although with higher spatial resolu-
(Ekdanhl et al., 1998; Carpenter et al., 2000; Abrahamssorion. This resulted from larger concentration gradients due to
et al., 2004). Bromocarbon production from phytoplankton their lower atmospheric mixing ratios and comparable ambi-
is still poorly characterized. Elevated bromocarbon produc-ent parameters.
tion during night may indicate formation during respiration
in contrast to light linked production during photosynthesis 5.3 Other impact factors on sea-to-air fluxes: MABL
(Ekdahl et al., 1998; Abrahamsson et al., 2004) or other stress ~height and SST
factors such as grazing. Alternatively, CHBxnd CHBr» ] ) ) )
could also be stored in the algal cells during light production Wind speed and concentration gradients are direct factors
and released later during the night time (Ekdahl et al., 1998)that influence sga—tq—aw fluxes. So.me_ more indirect factors
which would obscure a correlation to light in the field. that could possibly impact the emissions include SST and
In conclusion, the regional variability of the concentra- e MABL through their intensifying or decreasing effect on-
tion gradients of both bromocarbons was probably a resylfhe concentration gradient. Possible effects of the changes in

of the regional differences in primary production supportedSST on the soll_Jb|I|ty of_ oceanic halocarbons and therewith
by their relationship to SST and phytoplankton pigment datatheir concentratl_on.gra(_:ilents were small dunng DRIVE com-
(Sect. 4.2.3). pared to the varlgbmty in sea vyatgr concentrations (Fig. 2).
The MABL height has implications for the atmospheric

mixing ratios of halocarbons and their sea-to-air fluxes via

5.2.2 The relative influence of concentration gradient the concentration or dilution of atmospheric halocarbons,

and wind speed on sea-to-air fluxes of CHByand  emitted from the oceans, within a decreasing or increasing
CH2Br» MABL height (Fuhlbriigge et al., 2013). In order to un-

derstand the possible effect of MABL variations, sea-to-air

The regional distribution of sea-to-air fluxes of both bromo- fluxes of all three halocarbons were calculated with mini-

carbons was strongly determined by the most likely biolog-Mum and maximum atmospheric mixing ratios associated
ically produced oceanic CHBrand CHBr,. The regional  With high (S1) and low MABL heights (S5) to cover the

variability in oceanic bromocarbons was much larger than'@nge€ of potential fluxes in the study region (Fig. 9). A differ-
the regional variations in wind speed (Fig. 8c—f). However ent concentration distribution caused by other atmospheric
within individual stations, the variability in oceanic CHgr  conditions can change the CHBand CHBr> sea-to-air
and CHBr, was mostly lower than the variations in wind [UX€S on average between 19 % (S5) and 4160 % (S1) for
speed. At the open ocean stations, only very low oceani¢HBrs and between 7% (S5) and 1337 % (S1) forBrb
bromocarbons were measured leading to very low concen(S€€ the lower and upper limits in Fig. 9b—c; the shading im-

tration gradients and thus to very low sea-to-air fluxes, sincd/icates tr:)e potential ragge). The effect on thesChlxes
the wind speed did not have a large impact on the variabilS rom 1% (S1) to 42% (S4) (Fig. 9a) lower due to its

ity of sea-to-air fluxes. With increasing oceanic CHBnd high supersaturation (Eig. 4§)._Considering the large MABL
CH,Br, concentrations, the diel impact of changes in wind N€ight changes occurring within one day above coastal sta-
speed on the sea-to-air flux variability increased which is ex-1oNS, €.9. from 100 to 350 m at S6, the effect of the entailing
pressed in high correlation coefficients (Table 4, Fig. 8c, e).Varying atmospheric mixing ratios on local emissions has to
This effect was most pronounced for gBt, which showed be taken into account whgn assessing halocarbon sea-to-air
the lowest diel concentration variability of all three halo- Uxes from coastal upwelling regions.

carbons (see the scatter in Fig. 8e). The influences of wind

speed and concentration gradient on the emissions of bro-

mocarbons are discussed based on the parameterization of

Nightingale et al. (2000), which may not include all control

factors similarly to our discussions concerning {Cldmis-

sions (Sect. 5.1.2).
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Fig. 9. Sea-to-air fluxes for Chl (a), CHBr3 (b) and CHBr; (c)
during DRIVE and the MABL height, determined by Fuhlbriigge et riq 10, Oceanic contributions to atmospheric halocarbons assum-
al. (2013) as the dashed grey line are shown on the right side. Thghg a mean distance of 200 km, mean wind speeds, mean sea-to-air

upper and lower value of potential sea-to-air fluxes assuming the ves and background mixing ratios for the open oceang(GH
lowest MABL (lower range, 3.0 ppt for C#l, 3.1 ppt for CHBr, 0.50 ppt, CHBg =0.50 ppt, CHBr, =0.75 ppt) and the coastal re-

and 8.9 ppt for CHBg) and the highest MABL (upper range, 0.6 ppt gion (CHgl=0.75 ppt, CHBg = 3.00 ppt, CHBr, =1.80 ppt), and
for CHgl, 0.9 ppt for CHBrz and 0.5 ppt for CHBy) valid for the 1o MABL heights determined by Fuhlbriigge et al. (2013) at every
whole region are shaded in green. measurement point for Gifi (a), for CHBr3 (b) and for CHBr5 (c),
outliers are excluded. The red dashed line marks 100% in every
plot.
5.4 Oceanic influence on atmospheric mixing ratios of
CH3|, CHBr 3 and CHzBrz
For our calculations, we apply a fetch of 200 km (the mean
distance between the diel stations), sea-to-air fluxes from
Sects. 4.1.5 and 4.2.6, according wind speeds and MABL
heights (Table 1). The sea-to-air fluxes and the height of
We have shown in the last sections that the sea-to-air fluxethe MABL have numerically the same influence on atmo-
of halocarbons are dominated by the oceanic production andpheric mixing ratios since bromocarbons in the atmosphere
that the sea water concentrations of bromocarbons are inare within the calculations a product of both. Applying a
creasing towards the coast. In order to understand the impoffetch of 200 km, the air mass travels approximately 7 h un-
tance of sea-to-air fluxes for the atmospheric halocarbon distil it arrives at the diel stations. Open ocean background
tribution, we calculated their relative contributions to the at- values for S1 and S2 were set to 0.50 ppt for sCldnd
mospheric mixing ratios at the individual 24 h-stations. Pre-CHBr3, and 0.75 ppt for ChBr,, while higher background
vious studies assigned the high CHBand CHBry mix- values of 0.75 ppt for Ckl, 1.80 ppt for CHBrz and 3.00 ppt
ing ratios above the coastal upwellling to air masses orig-for CHBr3 were assigned to coastal stations S3—-S6. We did
inating from the North West African continent (Quack et not include the tropical atmospheric lifetimes of the three
al., 2007a) and very low atmospheric bromocarbons to aithalocarbons (7, 24, 123 days for @HCHBr3, CH;Bro;
masses from the northern open ocean (Carpenter et al., 2008ontzka and Reimann, 2011) since the degradation during
Lee etal., 2010). Air masses during coastal station S5 also athe short-term box-calculation has no substantial influence
rived from the northern open ocean (Fuhlbriigge et al., 2013)pn the results. The oceanic emissions are nearly sufficient to
which contradicts the hypothesis that high atmospheric haloexplain most of the atmospheric halocarbons (Fig. 10a—c).
carbons could only be accounted for by continental sourcesOceanic halocarbon contributions at S1-S6 (except for S5)

5.4.1 The contribution of the oceanic emissions to the
atmospheric mixing ratios
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Fig. 11. Correlations of oceanic versus atmospheric halocarbons (€Bx and CHBr» in b) filled with wind speed (see color coding).
The black line indicates the regression line for the whole cruise. For the individual correlation coefficients see Table 6.

ranged from 39 to 135 % for G4l between 18 and 126% tions (0.5 — 2.4 ppt for CHBrand 0.9-1.6 ppt for CpBr»)
for CHBr3 and from 47 to 148 % for CpBr, with generally  and around the upwelling contradicts upwelling originated
lowest contributions at S2 (40—69 % for @H18-45% for  halocarbons at Cape Verde during DRIVE. In addition,
CHBr3 and 47-68 % for CkBry). At S5, the emissions from  CHBrs reached its highest value of the whole campaign at
the assumed 200 km fetch contributed 560 ¢HB00%  CVAO. Hence, the high and variable atmospheric Cgi#rd
(CHBr3) to the observed mixing ratios. At this station high CH,Br2 at Cape Verde in combination with comparably vari-
oceanic and atmospheric CHEand CHBr; coincided with  able wind speeds suggest local coastal sources for both com-
very low MABL heights. These results suggest that (1) atmo-pounds.
spheric mixing ratios over the open ocean S1-S2 are derived
from regional emissions and distant sources, (2) the sourc8.4.2 Correlations between oceanic and atmospheric
strength in combination with the observed MABL height can CHBr 3 and CH2Br
nearly maintain the medium range of atmospheric mixing ra- ) )
tios found at S3, S4, and S6, and (3) the high sea-to-air fluxe}? contrast to the observations presented in Quack et
and low MABL heights leading to the highly elevated at- &l- (2007a) and Carpenter et al. (2009), atmospheric GHBr
mospheric mixing ratios at S5 are a very local phenomenon?‘”d C!—tBrz followed the same regional gllstrlbutlon as their .
constrained to the boundaries of this station. The large over®C€anic counterparts. Water concentrations and atmospheric
estimation of mixing ratios within the box model is then a Mixing ratios of CHBg (R?=0.74) and CHBr2 (R* =0.85)
result of the extrapolation of the high sea-to-air fluxes to theCorrelated regionally very well during DRIVE (Fig. 11a-b)
fetch of 200 km. Vertical transport has been neglected in thigVhich has not been observed during the other cruises. This
simple model approach, which likely introduces only small IS Ilkely caused by a combination of the stable a'nd isolated
errors since the top of the MABL was very stable and iso- Marine boundary layer observed over the upwelling, the co-
lated above all coastal stations (Fuhlbriigge et al., 2013).  inciding high productivity and concentration of the bromo-
While the Mauritanian upwelling has been identified to c@rbons in the upwelling, and the combined effects of air-
contribute to the high atmospheric abundances of all haloS€& €xchange as slowest process (over a considerable fetch)
carbons in the region, the elevated and highly variable atmo@nd advection as the fastest (diluting with background air),
spheric mixing ratios of CHBrand CHBr, at Cape Verde bot_h mfluencmg the atmospheric signals. W_e assume bio-
can be attributed to local sources. O’Brien et al. (2009) sugJogical production of bromocarbons and mixing within the
gested high atmospheric halocarbons at CVAO originatingVater column also as rapid processes (Ekdahl et al., 1998).
from the coastal region off Mauritania. However, back tra- Correlations between atmospheric mixing ratios and oceanic
jectory analysis revealed air masses at CVAO originatingcpnc_gntratlons within the |nd!V|duaI 24h-stations were only
from the open ocean during our investigation (FuhlerggeS'gn_'f'Ca”t at open ocean station S2 for CHBnd at cogstal '
et al., 2013). This together with the considerably lower at-Stations S4 and S6 for both compounds (Table 6). A diel anti-

mospheric mixing ratios measured at the open ocean stecorrelation of atmospheric mixing ratios with water concen-
trations was also observed at several diel stations (S1, S2, S5,

Atmos. Chem. Phys., 14, 1258275 2014 www.atmos-chem-phys.net/14/1255/2014/



H. Hepach et al.: Drivers of diel and regional variations of halocarbon emissions 1271

Table 6.Correlation coefficient®2 and number of data points n of oceanic versus atmospheric bromocarbons for the whole cruise and each
individual station. Bold nhumbers indicate significant correlations with p <0.05. Italic numbers mark negative correlations.

Whole cruise  S1 S2 S3 S4 S5 S6
(7.6 N and (18.° N and (18.° N and (18.5 N and (19.° N and (20.0° N and
243 W) 21.0W) 18.00 W) 16.5 W) 16.6 W) 17.3 W)
CHBr3 0.74 0.01 0.52 0.01 0.45 0.05 0.20
CHyBr, 0.85 0.19 0.09 0.01 0.40 0.18 0.28
n 109 18 19 17 17 18 20

and S6). An explanation for this observation (see Table 6) beknown concepts of wind driven air-sea exchange, advection
tween the atmospheric and oceanic concentrations on a digind MABL variations on a regional scale.
scale is still lacking, since neither wind direction, includ-
ing land-sea breeze circulation (Fuhlbriigge et al., 2013), nor
MABL height variations led to clear correlations. 6 Summary and conclusions

Positive and negative deviations from the overall good
regional correlation of sea water concentrations and atmowe have discussed the temporal and spatial influence of bio-
spheric mixing ratios could also be observed at the individ-|ogical productivity, wind speed, MABL height and SST on
ual stations. Atmospheric concentrations can increase witlbceanic emissions and atmospheric mixing ratios of halocar-
wind speed due to increasing sea-to-air fluxes, while elevate@ons in the tropical North East Atlantic.
wind speeds also dilute local emissions with background air During DRIVE, oceanic Chl neither showed a relation-
and vice versa. Thus, low wind speeds in the open ocean leghip to phytoplankton pigments nor to cyanobacteria, and its
to lower atmospheric mixing ratios at S1 while the higher distribution appeared mainly as a result of abiotic or indirect
wind speeds at S2 triggered average mixing ratios (Fig. 11)biological formation which seemed to be the main driver of
This may not only be a result of increasing sea-to-air fluxthe CHsl concentration gradient between sea water and air.
and fetch, but may also be partly a result of the reductionOn a regional scale, neither wind speed nor oceaniglCH
of the MABL height. While coastal stations S3, S4 and S6were dominating the sea-to-air flux, while diel variations in
have similar mean CHRBrsurface water concentrations, S6 emissions were a result of varying oceanic4CEbncentra-
showed the largest sea-to-air fluxes of these three stations duns almost throughout the whole cruise. On the contrary,
to the largest prevailing wind speeds (see Fig. 5), but on avihe oceanic distribution of CHBrand CHBr, and their
erage relatively low atmospheric mixing ratios (Fig. 11a, b). emissions correlated with phytoplankton pigments which im-
We interpret this as intense transport phenomenon and posglies a biological source, albeit with no clear diurnal cy-
sible dilution of the large sea-to-air fluxes with background cles unlike observed in previous studies. The variability in
air masses due to intensifying winds and increasing MABL wind speed gained increasing impact on the diel bromocar-
height. Although atmospheric mixing ratios for CHBand  bon emissions with decreasing distance to the coast, because
CHBr2 were highest at S5, they are on average much lowethe diel variability in oceanic CHBrand even more pro-
as could be expected from the overall regional correlationnounced in oceanic C#r, was low in comparison to large
and the large sea water concentrations (see the data poingsel wind speed variations.
below the correlation line in Fig. 11a, b in contrast to most MABL height was identified as an additional factor im-
of the data points from other stations that are above the line)pacting oceanic emissions of halocarbons in the upwelling
We hypothesize regional mixing with background air masseshrough its influence on atmospheric halocarbon abundances.
as cause for the lower than average correlation of sea surfacgea-to-air fluxes of Ckl were hardly influenced by the vary-
CHBr3 and CHBr, and atmospheric bromocarbons, which ing MABL due to its high supersaturation in sea surface
supports that the high atmospheric mixing ratios at S5, thayater. The sea-to-air fluxes of CHBand CHBr> how-
high sea-to-air fluxes, and low MABL height are very lo- ever were substantially influenced by atmospheric conditions
cal phenomena. The good overall correlation between atmoHigh atmospheric Ckl, CHBr3 and CHBr, mixing ratios
spheric and oceanic bromocarbons shows the dominance @ft a coastal site on the Cape Verde islands (CVAO) could
sea water production for the atmosphere. The co-correlatiome attributed to local coastal sources. Regional oceanic bro-
of increased productivity and production of bromocarbonsmocarbon emissions from the upwelling, probably driven
during upwelling of cold and nutrient rich water and the by biological production, could in combination with vary-
high atmospheric mixing ratios in a low and stable MABL ing and low MABL heights and air mass transport explain
over the low sea surface temperature of the upwelled wamost of the observed atmospheric halocarbons, contrasting
ter (Fuhlbriigge et al., 2013) can be explained within theprevious hypotheses regarding additional continental bromo-
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Abstract. During the DRIVE (Diurnal and Regional Vari- leading to elevated atmospheric abundances. This may add
ability of Halogen Emissions) ship campaign we investi- to the postulated missing VSLS sources in the Mauritanian
gated the variability of the halogenated very short-lived upwelling region (Quack et al., 2007).
substances (VSLS) bromoform (CHfr dibromomethane
(CH2Br2) and methyl iodide (Chl) in the marine atmo-
spheric boundary layer in the eastern tropical and subtropi-
cal North Atlantic Ocean during May/June 2010. The highestl Introduction
VSLS mixing ratios were found near the Mauritanian coast
and close to Lisbon (Portugal). With backward trajectoriesNatural halogenated very short-lived substances (VSLS)
we identified predominantly air masses from the open Northcontribute significantly to the halogen content of the tropo-
Atlantic with some coastal influence in the Mauritanian up- sphere and lower stratosphere (WMO, 2011). On-going envi-
welling area, due to the prevailing NW winds. The maxi- ronmental changes such as increases in seawater temperature
mum VSLS mixing ratios above the Mauritanian upwelling and nutrient supply, as well as decreasing pH, are expected
were 8.92 ppt for bromoform, 3.14 ppt for dibromomethaneto influence VSLS production in the ocean. Thus, the oceanic
and 3.29 ppt for methyl iodide, with an observed maximum emissions of VSLS might change in the future and, in con-
range of the daily mean up to 50 % for bromoform, 26 % for nection with an altering efficiency of the atmospheric upward
dibromomethane and 56 % for methyl iodide. The influencetransport, might lead to significant future changes of the halo-
of various meteorological parameters — such as wind, surgen budget of the troposphere/lower stratosphere (Kloster et
face air pressure, surface air and surface water temperaturgl., 2007; Pyle et al., 2007; Dessens et al., 2009; Schmit-
humidity and marine atmospheric boundary layer (MABL) tner et al., 2008; Montzka and Reimann, 2011), as well as
height —on VSLS concentrations and fluxes was investigatedchanges to the tropospheric oxidation capacity (Hossaini et
The strongest relationship was found between the MABLal., 2012). Within the group of brominated VSLS, bromo-
height and bromoform, dibromomethane and methyl iodideform (CHBr3) and dibromomethane (GiBr») are the largest
abundances. Lowest MABL heights above the Mauritaniannatural sources for bromine in the troposphere and strato-
upwelling area coincide with highest VSLS mixing ratios sphere. In combination with iodine compounds (i.e. methyl
and vice versa above the open ocean. Significant high antiiodide, Chl), they can alter tropospheric oxidation pro-
correlations confirm this relationship for the whole cruise. cesses, including ozone depletion (Read et al., 2008). The
We conclude that especially above oceanic upwelling sysVSLS have comparably short tropospheric lifetimes (days to
tems, in addition to sea—air fluxes, MABL height variations months); however, they can be rapidly transported by deep
can influence atmospheric VSLS mixing ratios, occasionallyconvection, especially in the tropics, to the upper troposphere
and lower stratosphere and contribute to ozone depletion
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there (Warwick et al., 2006; WMO, 2007, 2011; Tegtmeier 2 Data and methods
etal., 2012, 2013). Previous studies have reported distinctive
halocarbon emissions in tropical coastal and shelf water re2.1  Cruise overview
gions due to high biological productivity, i.e. by macro algae,
seaweed and phytoplankton (Gschwend et al., 1985; Manleypuring May/June 2010 the DRIVE (P399/2-3) campaign ex-
and Dastoor, 1988; Sturges et al., 1992; Moore and Tokaramined the formation and emission of halocarbons and re-
czyk, 1993; Carpenter and Liss, 2000; Quack et al., 2007)active inorganic halogen compounds in the eastern tropical
Elevated mixing ratios of the compounds have been foundand subtropical North Atlantic Ocean (Bange et al., 2011) as
within the marine atmospheric boundary layer (MABL) part of the SOPRAN (Surface Ocean Processes in the An-
around the Cape Verde Islands with a mean (range) fothropocenewww.sopran.pangaea.)project. The main ob-
CHBr3 of 8 (2.0-43.7) ppt, CbBr2 of 2 (0.7-8.8) ppt and jectives are to investigate the diurnal and regional variability
CHal of 3 (0.5-31.4) ppt (O’Brien et al., 2009) and in the of marine short-lived substances, as well as oceanic influ-
area of the Mauritanian upwelling with a mean (range) of ences on the atmosphere.
CHBr3 around 6 (3—12) ppt (Carpenter et al., 2007; Quack The ship expedition was carried out on board the Ger-
et al., 2007) and CpBr, of 2.4 (1.75-3.44) ppt by Quack man research vessel (R/NPpseidon The cruise itself was
et al. (2007). These mean mixing ratios from the tropical split into two legs: P399/2 (31 May-17 June 2010) from Las
Atlantic Ocean agree well with other tropical oceanic ar- Palmas to Las Palmas and P399/3 (19-24 June 2010) from
eas (e.g. Atlas et al., 1993; Butler et al., 2007). Quack etLas Palmas to Vigo, Spain. For diurnal observations, hourly
al. (2004) suggested regionally enhanced biogenic producYSLS measurements were performed at six 24 h stations dur-
tion in the water column of the Mauritanian upwelling and a ing leg P399/2. Positions and times of the 24 h stations are
high sea-to-air flux of VSLS to be responsible for elevatedgiven in Table 1. The location of the 24 h stations were cho-
tropospheric VSLS mixing ratios in this region. However, sen to cover the nutrient-rich coastal upwelling region near
Carpenter et al. (2007) and Quack et al. (2007) both pointedhe Mauritanian coast as well as the nutrient-poor regions
out that the marine boundary layer height, besides additionahear the Cape Verde Islands. In addition, 21 atmospheric
potential coastal sources, may affect the tropospheric VSLS/SLS samples were taken during the return from the last sta-
mixing ratios as well. The theory of warm offshore air flow- tion in the Mauritanian upwelling region to Las Palmas (Gran
ing over cool water and creating a stable internal boundaryCanaria). During the transit leg P399/3, an additional 20 at-
layer, as suggested by Garratt (1990), applies well in themospheric air samples were taken. All VSLS measurements
area of the cold Mauritanian upwelling. Here, the sea surfacavere also integrated into the HalOcAt database used for the
roughness and near surface turbulence reduce each other ov&iska et al. (2013) climatology.
the water, while the flow leads to a collapse of turbulence
and a very stable stratification of the lowermost atmosphere2.2 Meteorology and MABL height
as was observed by Vickers et al. (2001) at the coast of the
United States and modelled by Skyllingstad et al. (2005). Meteorological data have been collected by the automatic
In this study, we present first results from the DRIVE (Di- on-board weather station of the German Weather Ser-
urnal and Regional Variability of Halogen Emissions) vice (DWD): air and water temperatures, wind speed and
ship campaign during May/June 2010, comprising high-direction, humidity and air pressure were recorded once
resolution meteorological and VSLS measurements. We inper second and are averaged to 10min means for our
vestigate the meteorological constraints on the VSLS abunanalysis. GRAW DFM-06 radiosondestip://www.graw.
dances and whether the cold waters upwelled along the Maude) were launched from the working deck of R/Fo-
ritanian coast have a verifiable influence on the atmospheriseidon at about 3m above sea level during the cruise
boundary layer height and therefore on the mixing of airto profile the atmospheric composition of air tempera-
within the lowermost troposphere. The accompanying studyture (resolution: 0.1C; accuracy:< 0.2°C), relative hu-
by Hepach et al. (2013) investigates the VSLS sources in thenidity (resolution: 1%; accurack 5 %), and wind (wind
ocean and the sea-to-air fluxes in detail. speed accuracyx 0.2 ms1; horizontal position accuracy:
This paper begins with a short overview of the meteorolog-<5m)  (http://www.gematronik.com/fileadmin/media/pdf/
ical conditions during the DRIVE cruise, followed by a data GRAW-BrochureVV01.30en.pdj from the sea level up to
and method description (Sect. 2.1). In Sect. 3 we present rethe middle stratosphere-B0 km altitude). At the 24 h sta-
sults from the meteorological and VSLS measurements andions, the launch frequency was increased from one ra-
the influence of meteorology and MABL height on the VSLS diosonde per day at 12:00 UTC to four per day at 00:00,
mixing ratios and emissions. Finally, a summary is given in06:00, 12:00 and 18:00 UTC, amounting to 41 launches for
Sect. 4. the whole cruise.
The atmospheric boundary layer height is deter-
mined using the approaches summarized by Seibert et
al. (2000). These methods include practical and theoretical
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Table 1.24 h stations: position and date.

24 h station  Position Date/Time
1st 17.6N, 24.0 W 3 June (23:00 UTC)—4 June 2010 (22:00 UTC)
2nd 18.0N, 21.0W 6 June (19:00 UTC)-7 June 2010 (17:00 UTC)
3th 18.0N, 18.00 W 8 June (18:00 UTC)—9 June 2010 (17:00UTC)
4th 18.5 N, 16.5 W 10 June (12:00 UTC)-11 June 2010 (11:00UTC)
5th 19.0N, 16.55 W 11 June (16:00 UTC)-12 June 2010 (15:00 UTC)
6th 20.0N, 17.28% W 13 June (04:00 UTC)-14 June 2010 (03:00 UTC)

determinations from radiosoundings. The vertical extensionThe NNR is a first-generation reanalysis from 1948 to the
of the boundary layer is in general limited aloft by a temper- present and has a horizontal resolution of 208 km (T62)
ature inversion or a stable layer, or by a significant reductionand 28 vertical levels (L28) with a model top at about
in air moisture. Two general types of boundary layers exist,3hPa. The data are globally distributed on a°2l&ti-

the convective boundary layer (CBL), whose stable layertudex 2.5° longitude Gaussian grid with a total of 14473

is found between the lower 100 m of the atmosphere andyrid points (Kalnay et al., 1996; Kistler et al., 2001).

about 3km height, and the stable boundary layer (SBL),

characterized by a surface inversion. In the case of a CBL2.4 VSLS measurements

it is recommended to take the height of the base of the in- ,
version, increased by half of the inversion layer depth (Stull,A total of 187 air samples were taken on the monkey deck

1988). For a SBL we assume the absence of turbulence an@f R/V Poseidonabout 10 m above sea level. The air was

vertical mixing (Garratt, 1990) and further declare that the Pressurized up to 2 standard atmospheres in pre-cleaned
boundary layer stays close to the surface. According to thisStainiess steel canisters, each with a volume of 2.6L. The
we subjectively determined the height of the boundary laye/c@nisters were analysed within three months after the ex-

in our study from the temperature and humidity profiles, peditign at the Rosenstiel Schoo! for Marine and Atr_no—
and additionally from the bulk Richardson number of the SPheric Sciences (RSMAS, Miami, Florida). The stability

following equation (Troen and Mahrt, 1986; Vogelezang and©f the atmospheric samples has been demonstrated during
Holtslag, 1996): more than 10 years of work with stainless steel canisters.

The compounds reported here are typically stable for at
least 6 months or more. The precision is estimated as an
uncertainty of approximately 5%, obtained from the stan-
dard variability during analysis and from examination of
the geometric height,0, andds 05 are the virtual potential multiple sqmples within the same air mass. The analysis of
the gases is performed with gas chromatography/mass spec-

temperature at the_hgghanq atthe surface, amdandy are trometry (GC/MS), while the calibration gases are standard-
the zonal and meridional wind components. The virtual po-,

: " oo ized by gas chromatography with an atomic emission detec-
tential temperature can be regarded as a stability criterion foior (AED) (Schauffler et al., 1999), and the entire standard-

the atmosphere, considering the air moisture. It is constant._ L .
P 9 ization procedure was additionally adjusted to the NOAA

with height for neutral conditions, increases for stable condi- : -

. ) - ) . .. scale in order to have better comparability to the NOAA mea-

tions and decreases if the air is statically unstable. To identify : .
. . ) L surements at surface stations. The preparation of standard

the boundary layer height theoretically, a fixed critical bulk

Richardson number dRi;=0.25 is chosen as a threshold, gases is described in Montzka et al. (2003). .

following Sorensen (1998), wheiRis > Ric. Due to miss- Our study concentrates on the atmospheric abundances
. . : ' - : of three VSLS: methyl iodide with a lifetime of-4

ing wind data in the lowermost atmosphere during a number ays (Solomon et al., 1994), bromoform ©26 days (Ko
of radiosonde launches (failure of GPS sensor), we were no?I y " ’ Y

always able to determinRig for the lower boundary layer. et al., 2003) and dibromomethane©120 days (Ko et al,

o . 2003).
Therefore we use the subjectively determined boundary layer Samples for dissolved halocarbons in sea water were taken

height for our investigations and calcul&®e to confirm our . . .
: ) from the continuously working pump from the ship’s moon

determined MABL height. :

pool at a depth of 5m on a nearly hourly basis at every 24 h
station. A purge and trap system attached to a gas chromato-
graph with mass spectrometric detection in single-ion mode
For the analysis of the air mass origin, HYSPLIT tra- was used for analysis of the samples with a precision within
jectories http://ready.arl.noaa.gov/HYSPLIT.phpased on 10 % determined from duplicates (Hepach et al., 2013).
NCEP/NCAR Reanalysis 1 (NNR), were calculated online.

_ gz(0; —0y)
T O+ 02’

The quantitiesg and z are the gravitation acceleration and

Rig 1)

2.3 Air mass origin
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Fig. 2.10 min average measurements of air pressure [hPa]. The stars
Fig. 1. DRIVE cruise track. In addition, the 3-hourly wind speed indicate position and time of the diurnal stations.
[ms—1], direction (10 min averages) and windrose for the whole
cruise are shown.

and 9.3ms!+ 1.6 ms ! during leg 3. The total air pressure
difference of 13.4 hPa also reflects the moderate and steady
Sea-to-air fluxesK) of methyl iodide, dibromomethane and weather conditions during the whole cruise with a minimum
bromoform were calculated with the air-sea gas transfer co®f 1007.6 hPaon 11 June 2010 close to the Mauritanian coast
and a maximum air pressure of 1021 hPa at the beginning of

2.5 Sea-to-air flux calculations

efficientk,, and the air—sea concentration gradiawat(Hep-

ach et al., 2013): leg $_on 19 J_une 201_0 close to the C_anary Islands (Fig. 2). In
addition, typical tropical diurnal variations up to 4 hPa (see
F=ky-Ac (2) also Kiiiger and Quack, 2012) due to atmospheric tides were

o o observed in this study. The time series of 10 min average
The_parametenzatlon_ of Nightingale et _al. (2000), basedyeasured surface air temperatufesr), sea surface temper-
on instantaneous wind speeds (10min averages) angyres fssy) and the difference\T (Tsar—Tsst) are shown
temperature-dependent  Schmidt numbers according 1§, Fig. 3. The temperature difference is related to the heat
Quack and Wallace (2003), was applied to determineAc  fux petween atmosphere and ocean and indicates suppress-
was calculated from the simultaneous water and air measurgng of convection, turbulence and therefore mixing within the
ments at the 24 h stations. boundary layer for a positive temperature difference (positive
heat flux) and enhanced mixing for negative heat flux. As the
ship cruise started to the south, the air and water temperatures
increased until the maximum air temperature of 2&8vas
3.1 Meteorology recorded directly after the stop at Mindelo (Cape Verde Is-

lands). On 11 June 2010, right after the 4th 24 h station, the

The cruise was mainly exposed to moderate weather condiship reached the Mauritanian upwelling region at 18 N5
tions. Contrary to the climatological wind direction of north- 16.5 W. This is noticeable from the abrupt decrease in the
easterly trade winds in the subtropics and westerlies nortlwater temperature and connected to an increase of the heat
of 3° N during May/June, the mean absolute wind direc- flux from the atmosphere to the ocean. After one day, the air
tion was NNW (Fig. 1) with a mean direction of 348ur- temperature also drops, uritéar andTsststabilize between
ing leg 2 and 342 during leg 3. This caused a predomi- 18°C and 20°C (station 5). On 14 June 2010, after the ship
nant influence of air masses with marine background con-as left the last 24 h station, the water temperature increases
ditions coming from the open North Atlantic Ocean. The to about 23.5C. This increase coincides with a wind speed
mean wind speed during the whole cruise was moderate tanaximum of about 16 mrs from the north, indicating trans-
fresh for both legs, with 7.4m$+2.9ms?! during leg 2  port of water masses from outside the Mauritanian upwelling

3 Results
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40 Fig. 5. Virtual potential temperature gradient (colour shading) with
derived MABL heights (lines, in km). The black line shows the sub-
jectively determined MABL height from temperature and humidity
20 profiles, and the grey line is determined theoretically (Sect. 2.2).
CBL and SBL identify convective and stable boundary layers. The
1o 24 h stations are marked with stars.
E
g 20 . .
£ tropopause (CPT; Highwood and Hoskins, 1998) and the
< lapse rate tropopause (LRT, WMO, 1957). During leg 2, the
4 heights of the CPT and LRT are detected between 16 and
17 km altitude. A change of the atmospheric regime is re-
-60 flected by the decrease of the LRT height to 15km in con-
trast to the CPT height after 15 June 2010 at the end of leg 2,
80 as the ship enters the extratropics. The air temperature pro-

3P05. 03.06. 06.06. 0906 1206. 15.06. 20.06. 2306, files also reveal typical “trade inversions” (Neiburger et al.,

Fig. 4. Air temperature cross sectior’]] from radiosoundings for ~ 1961) between 1 and 2km height from the beginning of the
the whole cruise. Cold point tropopause and lapse rate tropopausgruise until 4 June and from 16 June 2010 until the end of the
are marked by the continuous and the dash-dotted lines, respe€ruise. Beginning on 4 June 2010, the temperature inversions
tively. The measurement gap between leg 2 and 3 is shortened.  descend in height, until they migrate, due to cold upwelling
deep water (Fig. 3) in the Mauritanian upwelling, to intense
surface inversions. The neutral and stable stratification within
towards the ship, until the water temperature drops agairihe lower 3km of the troposphere, and therefore the upper
to about 18C. On 15 June 2010 the ship left the Maurita- limit of the atmospheric boundary layer during the cruise, is
nian upwelling region, indicated by increasing air and watershown by Fig. 5. The subjectively and theoretically derived
temperatures until both decreased again while heading northMABL heights (see Sect. 2.2) show a good agreement with
ward. A sudden decrease of the water temperature is also olgach other. Differences are found above the Mauritanian up-
served from 23 to 24 June 2010, as the ship enters the Iberiawelling, due to missing near-surface winds for the calculation

upwelling (Relvas and Barton, 2002). of the bulk Richardson number, but also at the end of leg 2
and the beginning of leg 3. This may be caused by our fixed
3.1.1 Marine atmospheric boundary layer Ric, which we took for convenience.

Except for the area at and south of the upwelling, ob-
In the following, we use the radiosonde measurements teerved from 11 to 14 June 2010, where we observed a SBL,
analyse the state of the lower atmosphere. Profiles of aithe cruise was predominantly characterized by CBLs, with-
temperature along the cruise track are shown in Fig. 4.out distinct short time or diurnal variations, considering the
Lowest temperatures of80°C are observed between 2 launch frequencies. Boundary layer heights from the surface
and 15 June 2010 at 17km height, indicating tropicalup to 400 m at the upwelling area and about 400—2000 m
air masses south of 2Bl during leg 2. Two different above the open ocean agree with heights derived from tra-
tropopause definitions are used to identify the transition bejectory models from previous studies along the Mauritanian
tween tropical and extra-tropical air masses: the cold pointcoast (Carpenter et al., 2007; Quack et al., 2007). During

www.atmos-chem-phys.net/13/6345/2013/ Atmos. Chem. Phys., 13, 63857, 2013



6350

S. Fuhlbiigge et al.: Impact of the marine atmospheric boundary layer conditions on VSLS abundances

Table 2. Observed mixing ratios [in ppt] of bromoform (CHEr dibromomethane (C§Br»), their ratio and methyl iodide (C#f)) for the
whole cruise, open ocean (leg 2 except stations 3-6, and leg 3) and coastal stations (stations 3-6). Given are the mean, the range and tt

standard deviation values.

CHBr3 (ppt)

CH,Br2 (ppt)

CH,Br2
CHBr3

CHal (ppt)

Mean (range) stdv of mean Mean (range) stdv of mean Mean Mean (range) stdv of mean
Whole cruise 3.75(0.48-9.9) 2.29 1.85(0.89-3.14) 0.63 0.69 1.25(0.51-3.29) 0.56
Open ocean 1.74(0.48-9.9) 134 1.28(0.89-2.70) 0.31 0.98 0.93(0.51-2.11) 0.24
Coastal stations  5.60 (4.07-8.92) 1.06 2.37(1.87-3.14) 0.31 0.43 1.55(0.90-3.29) 0.62
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Fig. 6. Relative humidity cross sections [%] from radiosoundings Fig. 7.Bromoform mixing ratios [ppt] measured during the DRIVE
for the whole cruise. The subjectively determined MABL height ship campaign from 31 May to 24 June 2010. Six 24 h stations (S1-
[km] is marked by the black line. The measurement gap betweerS6) and measurements during transit are colour-coded according to

leg 2 and 3 is shortened.

the scale on the right side.

leg 3 the top of the boundary layer decreases from 1.4km 5 Atmospheric VSLS variability
north of the Canary Islands to about 500 m near the coast

of the Iberian Peninsula. The height of the MABL is also the giumal and regional variations of halogenated trace gas

well reflected in the profiles of the relative humidity dur-
ing the whole cruise as shown in Fig. 6. The increase of

abundances in the MABL have been observed with hourly
measurements at six 24 h stations near the Cape Verde Is-

the surface/lowermost troposphere humidity between 15 angh,qs and in the Mauritanian upwelling. According to the
22 June 2010 (Fig. 6) matches the observed elevation of thgygiona) distribution of the diurnal stations (Fig. 1), the first
negative heat flux (Fig. 3). The height of the atmosphericy,q, stations (S1, S2) can be combined to an open ocean clus-
boundary layer, determined from temperature observationSer The following 4 diurnal stations are furthermore declared

agrees very well with the surface maximum of relative hu-
midity (Fig. 6). The vertical mixing within the MABL seems

to be quite well reflected by the relative humidity observa-
tions. Especially the small extension of enhanced relative hu
midity above the surface of the Mauritanian upwelling from

as coastal stations (S3—-S6), since they show similar physical
and biological characteristics (e.g. salinity and chloropdy!l|
in the surface water (Hepach et al., 2013). Six-hourly mea-

surements were also taken from 14 June 2010 after the 6th

station to the coast of Gran Canaria and during leg 3 (19-23

11 to 12 June 2010 is consistent with the assumption of reg,4e 2010). Also along the coast of Gran Canaria (17 June
duced vertical mixing (turbulence) in this area due to the POS7010) hourly samples were taken.

itive heat flux, leading to a very stable and narrow MABL.

Atmos. Chem. Phys., 13, 634%357, 2013

An increase of atmospheric mixing ratios from the Cape
Verde Islands to the Mauritanian upwelling area is found
for all three trace gases: bromoform (Fig. 7), dibro-
momethane (Fig. 8) and methyl iodide (Fig. 9). Within the
open ocean cluster, the mixing ratios ranged 0.48-9.9 ppt

www.atmos-chem-phys.net/13/6345/2013/
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Fig. 8. Dibromomethane mixing ratios [ppt] measured during the Fig. 9. Methyl iodide mixing ratios [ppt] measured during the
DRIVE ship campaign from 31 May to 24 June 2010. Six 24 h sta- DRIVE ship campaign from 31 May to 24 June 2010. Six 24 h sta-
tions (S1-S6) and measurements during transit are colour-coded agons (S1-S6) and measurements during transit are colour-coded ac-
cording to the scale on the right side. cording to the scale on the right side.

with a mean of 1.74 ppt for CHBy 0.91-1.59 ppt with a

mean of 1.28 ppt for CkBro, and 0.63-1.32 ppt with a mean outlier due to the high variation of more than 1 ppt within
of 0.93 ppt for CHI. The mixing ratio of CHBrp and CHBg two hours, which is nearly consistent with the whole diur-
has often been observed to be around 0.1 in source areasal variation of CHI at station 4. Although this station has
where the air has been influenced e.g. by fresh coastal emighe lowest CHBr,/ CHBr3 ratio of 0.40 during leg 2, this
sions (Yokouchi, 2005 and references therein). The ratio invalue is two to three times higher than previously reported
creases towards the open ocean due to the different liferatios of 0.1-0.25 for coastal source regions in the North At-
times of both compounds. A higher value implies an agedlantic Ocean and the northwest of Tasmania (Carpenter et al.,
air mass and aged emission, while a lower value indicate003) and tropical islands and the open Pacific Ocean (Yok-
fresher emissions and air masses. With an overall meawouchi et al., 2005), suggesting the presence of slightly aged
CH2Br2/ CHBr3 ratio of 1.21 (Table 2) during stations 1 and air masses and emissions. While the ship moved away from
2, typical open ocean air masses were observed (Quack et athe Mauritanian coast, southwest of the Banc d’Arguin Na-
2004; Butler et al., 2007). At the third 24 h station, the bro- tional Park, the last coastal station (S6) shows an increase
mocarbons increase to 4.22—6.12 ppt for CkiBnd 1.96—  of the CHBro/ CHBr3 ratio to 0.44 and a decrease of the
2.42 ppt for CHBr,, while CHgl mixing ratios remain at trace gas mixing ratios to 4.85ppt (range: 4.07-6.01 ppt)
open ocean values. A mean eBt,/CHBr3 ratio of 0.41  for bromoform, 2.11 ppt (1.87—2.34 ppt) for dibromomethane
now indicates fresher emissions. Slightly increased atmoand 1.28 ppt (1.07-2.71 ppt) for methyl iodide. The extreme
spheric mixing ratios of CHBrwith 4.21-6.58 ppt and of CHsl maximum at 15:00 UTC appears again as an outlier. A
CH2Bry with 2.04-2.87 ppt, and a CiBr,/ CHBIr3 ratio of further decrease of the atmospheric abundances is observed
0.46 are found at the 4th 24 h station. For the first time, theup to 22 N. Mixing ratios thereafter remain nearly constant
CHgl mixing ratios show intense variations of 1.11-2.68 ppt to the Canary Islands, except for methyl iodide, which shows
at this coastal station. In addition, a diurnal pattern is strik-a maximum of 2 ppt southwest of Gran Canaria. Minor vari-
ing for all three VSLS at this station (S4, Fig. 7). They show ations occur for all three VSLS at the Canarian coast, while
a slight decrease from 12:00 UTC to 00:00 UTC followed by the means of 2.29 ppt CHRr1.38 ppt CHBr,; and 1.14 ppt

an increase from 06:00 UTC to 09:00 UTC on the following CHsl are in agreement with open ocean values and remain
day, which coincides with a decrease of the MABL height at this level until 38 N. An increase of the brominated halo-
and the sunrise at about 06:30 UTC. The highest atmosphericarbons is observed as the cruise approaches the Portuguese
mixing ratios for all three VSLS during leg 2 were observed coast. While dibromomethane only reaches 2.70 ppt, bromo-
during the 5th station at 23N and 16.8W. At this station  form reaches the highest mixing ratio of 9.9 ppt during the
also the most pronounced variations within one day are obwhole DRIVE cruise close to Lisbon (Portugal), leading to
served, with maximum mixing ratios of 8.92 ppt for CHBr  a ratio of both compounds of 0.27. Raimund et al. (2011)
3.14 ppt for CHBro and 3.29 ppt for ChHl. The extreme related the increased abundances of halogenated trace gases
minimum of CHsl at 05:00 UTC appears as an unreliable in the Iberian upwelling system to strong intertidal coastal

www.atmos-chem-phys.net/13/6345/2013/ Atmos. Chem. Phys., 13, 63857, 2013
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Table 3. Correlation coefficients of bromoform (CHBr dibromomethane (C$Bro) and methyl iodide (CHl) mixing ratios with wind
speed {spd), wind direction {ugjr), surface air pressurey, surface air temperaturd§,r), sea surface temperaturBsgr), temperature
difference AT = TsaT—TssT), relative humidity ), and MABL height. Whole cruise (leg 2 and 3) includes: 181 samples for all param-
eters except MABL height (30 samples), open ocean (leg 2, except stations 3—6 and leg 3) melRiesamples for all parameters except
MABL height (15 samples) and coastal stations (stations 3—6) inelud®6 samples for all parameters except MABL height (15 samples).
Bold coefficients have a value of less than 5 %.

CHBr3 CHBrp CHgl
Whole cruise  Open ocean Coastal stations Whole cruise  Open ocean Coastal stations Whole cruise  Open ocean Coastal stations
wspd 0.23 0.23 -0.17 0.27 0.32 -0.05 0.24 0.37 0.06
wair —0.49 -0.31 0.04 —052 -0.32 -0.18 -0.28 -0.12 -0.01
P -0.76 -0.01 -053 -0.82 -0.11 -071 —0.64 -0.33 —0.52
TsaT —0.04 -0.68 0.42 0.05 —0.67 0.59 0.24 -0.26 0.48
TssT —0.45 -0.70 —0.04 -0.39 —0.69 0.13 -0.21 —0.24 0.00
AT 0.70 0.17 0.64 0.71 0.18 0.63 0.73 -0.13 0.68
u 0.52 0.47 -0.16 0.50 0.58 -0.32 0.21 0.50 -0.38
MABL -0.81 -0.32 —0.60 -0.82 —0.40 —0.62 —0.64 —0.58 -0.70
70N&/\/ 70N/,/ While the HYSPLIT model projects that the STs do not ex-
- /s tend 100 m altitude, the BLTs arise from about 3 km height
60N BNy \ % with little Moroccan influence. A high-pressure system, lo-
50N 50N e 2 cated between the Azores and the coast of Portugal, deflects
'f the air masses up to 401-50° N, close to the coast of Por-
40N . V;/, 40N b § tugal, and redirects, in combination with the trade winds, the
o “on e air southwards to the ship. From 6 to 17 June 2010 the light
7 S blue, yellow and orange trajectories show a more varying ori-
20N 20N i/ gin, between 3DN and 60 N. Most of the STs descend from
: ? heights up to 300 m to the surface 1-2 days before hitting
40W 30W 20W 10W O 40W 30W 20W 10W 0 . e : . )
the ship. This air mass descent is typical for a high-pressure
£ 2000 6000—— system. Reaching the ground, the surface inversions, as de-
£ Egg 4000 scribed in Sect. 3.1.1, prevent the air masses from ascending.
= . .
S 500 2000} -\ = The resulting stable, isolated and very low boundary layer
:‘I‘:’ A : vd
%. at1. 05 10,

36. 31. 05. 10. 15. 20.
Day [May / June]

15.

20.

Day [May / June]

leads to similar origins of offshore STs and BLTs. In the area
of the Mauritanian upwelling, from 10 to 15 June 2010, the
trajectories also pass the west coast of Mauritania and the

Fig. 10.HYSPLIT 5-day backward trajectories: initiated at the sur- f West Sah ithin the | 24h h
face (left side) and at the top of the determined marine atmospherie,Nestern part of West Sahara within the last , nNowever,

boundary layer (right side) each day at 12:00UTC. The coloursth® air approaches predominantly from the North Atlantic
of the trajectories indicate the time when the specific trajectoryOcean between 4% and 60 N and west of Great Britain.
reached the ships position, e.g. blue at the beginning and red at thEhese origins have also been observed in previous measure-
end of the cruise. The upper plots show the horizontal and the lowement campaigns (Quack et al., 2007; Carpenter et al., 2010).
plots the vertical distribution of the trajectories. The black line in- In comparison, the BLTs are spatially more widespread over
dicates the height of the MABL. Trajectory and MABL heights are the North Atlantic Ocean, indicating the higher wind speed in
given in [m]. the free troposphere. At leg 3 the STs and BLTs have a mid-
to polar latitude origin (30N to 80° N); however, continen-
tal influences from northern Europe dominate for the BLTs
sources and advection of halocarbon-enriched coastal upeast of the prime meridian.
welling, but also anthropogenic sources as river outflow are
likely (Quack and Wallace, 2003). 3.3 Meteorological constraints on VSLS variability

To distinguish meteorological constraints on the VSLS abun-
dances we correlate meteorological parameters with bro-
Investigating the air mass history is a good way to reveal po-moform, dibromomethane and methyl iodide (Table 3). In
tential source regions (Fig. 10). Surface (STs) and boundaryhe following we highlight the significant correlations. We
layer height trajectories (BLTSs) indicate primarily northerly find a weak but significant correlation between the trace
origin of air masses during the cruise. From 31 May to 3 gas abundances and the wind speed for the open ocean and
June 2010 the air masses mainly arrive from the Azoresfor the whole cruise. In contrast, the wind direction reveals

3.2.1 Air mass origin

Atmos. Chem. Phys., 13, 634%357, 2013 www.atmos-chem-phys.net/13/6345/2013/
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an overall anti-correlation of0.5 for the brominated halo- 2
carbons and-0.3 for methyl iodide. This means increased
VSLS abundances generally coincide with a westerly wind
component and reduced abundances coincide with an easi ;5|
erly wind component during the whole cruise. To evaluate T
land-sea breeze constraints on the trace gas abundance=
we take a look to stations 4 and 5. Indeed, both stations ‘05;
show typical land-sea breeze caused diurnal variations in <
wind speed and direction. The atmospheric abundances reg
veal significant high correlations ef= 0.82 for bromoform,

r =0.73 for dibromomethane and 0.82 for methyl iodide
with the wind direction at station 4 in contrast to the overall
anti-correlation (not shown here). At the 4th station, trace gas
abundances increase with an increasing easterly componer —35.05. 03.06. 06.06. 09.06. 12.06. 15.06. 18.06. 21.06. 24.05.
of the wind, while the abundances decrease with an increas- Date [2010]

ing westerly wind component, related to differences in airFig- 11. Comparison of MABL height (left scale, in km) with bro-
mass origin (coastal versus open ocean), as also shown by tl?ﬁ !

" 90 . . . oform, dibromomethane and methyl iodide mixing ratios (right
trajectories in Fig. 10. At the 5th station, 3-hourly trajectory scale, in ppt).

calculations reveal ground-level air masses with potential

coastal and anthropogenic influence along the coast of West-

ern Sahara, with air masses from the open ocean leading to

an increase of the dibromomethane abundances-0.55) tures coincides with increased trace gas abundances and vice
in contrast to the variations of bromoform and methyl io- versa, although this is inappropriate for evaporation. This
dide, which seem more related to local sources (not showrshows that from surface relative humidity one cannot sim-
here). Anti-correlations of-0.6 to —0.8 are also found be- ply infer VSLS abundances or even the MABL height. The
tween the air pressure and the trace gases, caused by predotamperature differencaT further affects the atmospheric
inantly higher pressures at higher latitudes, and over opestability near the surface. The cold upwelling water at the
ocean, with lower VSLS abundances and vice versa for theMauritanian upwelling converges with warm air from the
coastal stations 3—6. At these stations, the anti-correlation ig\frican coast (Sect. 3.2.1) and creates a negative sensible
further dominated by the atmospheric tides of the air pres-heat flux between air and water, which cools the near-surface
sure and amounts t60.5 for bromoform and methyl iodide air layer. As a result, surface inversions, or at least a sta-
and even-0.7 for dibromomethane. Whether or not this re- ble stratification of the lower atmosphere, are formed, which
lation between the 12-hourly oscillations of sea level pres-suppresses the vertical movement of air. The resulting re-
sure and the trace gas variations can be generalized shoultliced volume of air that is available for mixing leads to a
be investigated in more detail in a future study. The rel-low MABL height. An anti-correlation of—0.74 between
ative humidity correlates with the trace gases in the openAT and the MABL height at the coastal stations confirms
ocean withr = 0.5 to 0.6 and at the coastal stations with this (not shown here). A comparison of bromoform, dibro-
r =—0.2 to —0.4 (Table 3). The vertical distribution of the momethane and methyl iodide with the MABL height during
relative humidity has been a good indicator for mixing in the whole cruise is shown in Fig. 11. Higher VSLS concen-
and thickness of the MABL (Sect. 3.1.1), which may point trations obviously coincide with a lower MABL height and
to an additional correlation between the surface relative huvice versa. During leg 2 the highest mixing ratios are ob-
midity and the VSLS abundances reflected by the high corserved while the MABL height stays between the surface
relation for the whole cruise. However, over the upwelling and 500 m in the area of the Mauritanian upwelling (sta-
areas this relationship does not hold. The cold upwelling wa-tions 3-6). On the other hand, low mixing ratios measured
ter creates a positivd T and a negative sensible heat flux over the open ocean coincide with a high boundary layer top.
that suppresses convection and leads to a low relative hufhe transit towards Vigo (Spain) also shows a decrease of
midity, which is in contrast to the VSLS abundances. Thisthe MABL height and an increase of the three VSLS mixing
would explain the reversed correlation above the upwelling.ratios close to the Iberian coast. In contrast to the other me-
The VSLS abundances are significantly anti-correlated withteorological parameters we derive anti-correlations between
SAT and SST variations in the open ocean and correlatedhe atmospheric trace gas abundances and the MABL height
with SAT in the coastal upwelling. The sensible heat flux, re-for all regions, reflecting the distinct connection between
flected by the temperature differened” (Tsar—TssT), COr- these variables. The linear correlations of bromoform, dibro-
relates withr values of at least 0.7 for all trace gases dur- momethane and methyl iodide with the MABL height for the
ing the whole cruise and at least 0.6 at the coastal stationsvhole cruise are represented in Fig. 12a—c. Bromoform, with
The combination of higher air and lower water tempera-r = —0.81, and dibromomethane, with= —0.82, show the
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highest anti-correlations. Although the anti-correlation of
methyl iodide,r = —0.64, is not as high as for the bromi-
nated halocarbons, it is significant at the 99 % level.

3.4 Correlations of meteorological parameters and
atmospheric abundances with VSLS fluxes

The sea-to-air fluxes, which are calculated depending on
wind speed and the concentration gradigntbetween sea
water and air (Sect. 2.1), show significant correlations with
wind speed and anti-correlations with MABL height (Ta-
ble 4). The inverse relationship of atmospheric VSLS to
MABL height as described in Sect. 3.3 should lead to lower
sea-to-air fluxesF, as lower MABL heights lead to higher
atmospheric mixing ratios, decreasing the concentration gra-
dient, Ac (Eq. 2). However, higher sea-to-air fluxes are ob-
served in the lower MABL height areas for dibromomethane
and bromoform, with an accordingly positive relationship of
F to AT (Table 4). This is due to elevated sea water pro-
duction of brominated VSLS in the cold waters, leading to
a large increase in the concentration gradient, which masks
the flux suppression by the higher atmospheric mixing ra-
tios (Hepach et al., 2013). Also the elevated atmospheric
mixing ratios of methyl iodide have no effect on the fluxes,
because methyl iodide is strongly supersaturated in the sea
surface water throughout the entire cruise. On the other hand,
the observed sea-to-air fluxes reveal correlations with the at-
mospheric VSLS abundances (Table 5), showing that MABL
height and sea-to-air fluxes in combination add to the VSLS
variations in the atmosphere. The detailed analysis of the sea-
to-air fluxes, their driving factors, such as the sea water con-
centrations, and their influences on the atmospheric VSLS
abundances are discussed in detail in Hepach et al. (2013).

4 Summary

The diurnal and regional variability of atmospheric VSLS
has been investigated during the DRIVE ship campaign in
May/June 2010 in the eastern tropical and subtropical North
Atlantic Ocean. Additionally, we analyse meteorological in-
fluences on the observed VSLS mixing ratios using simulta-
neous high-resolution data. VSLS measurements were con-
ducted hourly at six 24 h stations and during passage from the
coast of Mauritania to Vigo (Spain), resulting in a total of 187
atmospheric VSLS measurements during DRIVE. We con-
centrated our investigation on three trace gases: bromoform,
dibromomethane and methyl iodide. Higher mean VSLS
mixing ratios were found over the Mauritanian upwelling re-

(b) dibromomethane an@) methyl iodide abundances [ppt] for the gion (5.60 ppt, 2.37 ppt and 1.50 ppt for bromoform, dibro-
whole cruise. The different markers reflect the different locations: momethane and methyl iodide, respectively) than over the
leg 2 including stations 1-6, the transit between station 6 and La%pen ocean (1.74ppt, 1.28 ppt and 0.93 ppt for bromoform

Palmas, and leg 3. The accordipgralues are less than 1 % for all
three correlations, with each including 30 samples.

Atmos. Chem. Phys., 13, 634%357, 2013

dibromomethane and methyl iodide, respectively). The up-
welling region also shows diurnal variations of the VSLS
with highest fluctuations between maximum and minimum

www.atmos-chem-phys.net/13/6345/2013/
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Table 4. Correlation coefficients of bromoform (CHEr dibromomethane (CpBro) and methyl iodide (CHl) fluxes with wind speed
(wspd), wind direction {ugjr), surface air pressurep, surface air temperaturd$ar), sea surface temperaturBsgr), temperature differ-
ence AT = Tsat—TssT), relative humidity (), and MABL height. Whole cruise (leg 2 and 3) includes: 109 samples for all parameters
except MABL height (21 samples), open ocean (leg 2 except stations 3—6 and leg 3) inclad@ssamples for all parameters except
MABL height (8 samples) and coastal stations (stations 3—6) inelud&0 samples for all parameters except MABL height (13 samples).
Bold coefficients have a value of less than 5 %.

CHBrg flux CH>Br» flux CHasl flux
Whole cruise  Open ocean Coastal stations Whole cruise  Open ocean Coastal stations Whole cruise  Open ocean Coastal stations
Wspd 0.37 0.19 0.48 0.54 0.84 0.71 0.54 0.52 0.61
Wir -0.37 0 0.06 —0.51 0.09 —0.13 0.07 —0.04 0.07
p —0.67 —0.10 —0.57 —0.81 -0.71 —0.73 —0.08 —0.30 -0.14
TsaT —0.08 -0.13 0.15 —0.06 —0.75 0.27 —0.20 -0.4 -0.21
TssT —0.54 —0.29 —0.31 —0.51 —0.84 —0.17 -0.24 —0.55 —0.36
AT 0.76 0.35 0.67 0.75 —0.15 0.63 0.12 0.18 0.22
U —0.04 -0.14 —0.43 —0.02 0.65 —0.61 —0.08 0.21 -0.27
MABL —0.58 0.26 —0.58 —0.68 —0.93 —0.68 -0.27 -0.12 —0.59

Table 5. Correlation coefficients of bromoform (CHBx dibromomethane (C4Bro) and methyl iodide (CHl) fluxes with according mixing
ratios. Whole cruise (leg 2 and 3) includes= 109 samples, open ocean (leg 2 except stations 3—6 and leg 3) inglad@3% samples and
coastal stations (stations 3—6) include- 70 samples. Bold coefficients haveg aalue of less than 5 %.

CHBr3 flux CHyBry flux CHgsl flux
Whole cruise  Open ocean Coastal stations Whole cruise Openocean Coastal stations Whole cruise  Openocean Coastal stations
CHBr3 mixing ratio 0.58 —0.20 0.33 0.68 0.60 0.39 —0.08 0.22 —0.16
CHyBr, mixing ratio 0.61 —0.05 0.40 0.71 0.56 0.49 —0.04 0.33 —0.08
CHgl mixing ratio 0.62 —0.09 0.50 0.66 0.62 0.51 0.09 0.21 0.12

of 3.57 ppt for bromoform, 0.83 ppt for dibromomethane andversions. Overall a significant anti-correlation between the
1.85 ppt for methyl iodide. A strong coastal gradient of the VSLS mixing ratios and the marine atmospheric boundary
VSLS is also observed towards Lisbon (Portugal), wherelayer height is found. With correlation coefficients ok
we detect the highest bromoform mixing ratio of the whole —0.81 for bromoform,» = —0.82 for dibromomethane and
cruise of 9.8 ppt. r = —0.64 for methyl iodide, the MABL height appears to
The air mass origin is investigated by 5-day backward tra-have a significant influence on the trace gas mixing ratios.
jectories starting at the surface and at the top of the deterThis relationship may help explain observed events in the
mined marine atmospheric boundary layer. We identify a pre-tropical eastern Atlantic with increased atmospheric VSLS
dominantly North Atlantic origin of the air due to the prevail- mixing ratios in the Mauritanian upwelling. Whether this
ing NW winds during the whole cruise, with minor coastal influence can also be found in different seasons or other
influence at the Mauritanian upwelling area. oceanic regions should be addressed in future studies. Of
To distinguish atmospheric constraints on the VSLS weparticular interest would be to investigate other oceanic up-
compare several meteorological parameters with the tracevelling regions, which are expected to also have high VSLS
gas abundances. Although we do not find an overall re-sources as the Mauritanian upwelling/Cape Verde Islands re-
lationship with the wind, we detect a significant correla- gion does.
tion between VSLS abundance and easterly wind direction
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Abstract. Volatile halogenated organic compounds contain-comprising mainly very short-lived species (VSLS) having
ing bromine and iodine, which are naturally produced in thean atmospheric lifetime of less than 0.5 yr, contribute to the
ocean, are involved in ozone depletion in both the tropo-pool of reactive halogen compounds via photochemical de-
sphere and stratosphere. Three prominent compounds transtruction and reaction with hydroxyl radicals (von Glasow,
porting large amounts of marine halogens into the atmo-2008). Deep convection, especially in the tropics, can trans-
sphere are bromoform (CHBy, dibromomethane (CtBry) port VSLS above the tropical tropopause layer (Aschmann et
and methyl iodide (Chl). The input of marine halogens al., 2009; Tegtmeier et al., 2012, 2013) and into the strato-
to the stratosphere has been estimated from observatiorsphere, where they influence stratospheric ozone destruc-
and modelling studies using low-resolution oceanic emis-tion (Salawitch et al., 2005; Sinnhuber et al., 2009). Re-
sion scenarios derived from top-down approaches. In oractive bromine and iodine are more efficient in destroying
der to improve emission inventory estimates, we calculatestratospheric ozone than chlorine (e.g. Chipperfield and Pyle,
data-based high resolution global sea-to-air flux estimates 01998).
these compounds from surface observations within the HalO- The absence of global emission maps of VSLS as input for
cAt (Halocarbons in the Ocean and Atmosphere) databasehemistry transport models and coupled chemistry climate
(https://halocat.geomar.deGlobal maps of marine and at- models is a key problem for determining their role in strato-
mospheric surface concentrations are derived from the datapheric ozone depletion. The most widely reported short-
which are divided into coastal, shelf and open ocean redived halogenated compounds containing bromine in both
gions. Considering physical and biogeochemical characterthe atmosphere and the ocean are bromoform (GH&nd
istics of ocean and atmosphere, the open ocean water ardlbromomethane (C4Br2). Together, they may contribute
atmosphere data are classified into 21 regions. The avail= 15-40 % to stratospheric bromine (Montzka and Reimann,
able data are interpolated onto @x.1° grid while missing  2011), with CHBg considered to be the largest single source
grid values are interpolated with latitudinal and longitudinal of organic bromine (Penkett et al., 1985) to the atmosphere.
dependent regression techniques reflecting the compound#s production involves marine organisms such as macroalgae
distributions. With the generated surface concentration cli-and phytoplankton (Gschwend et al., 1985; Nightingale et al.,
matologies for the ocean and atmosphere, global sea-to-ait995; Carpenter and Liss, 2000; Quack et al., 20043}
concentration gradients and sea-to-air fluxes are calculateds formed in parallel with biological production of CHBmn
Based on these calculations we estimate a total global fluseawater (Manley et al., 1992; Tokarczyk and Moore, 1994)
of 1.5/2.5 Gmol Bryr? for CHBrs, 0.78/0.98 Gmol Bryr?! and, therefore, generally correlates with oceanic and atmo-
for CHoBr» and 1.24/1.45Gmol Bryrt for CHasl (robust  spheric bromoform (e.g. Yokouchi et al., 2005; O’Brien et
fit/ordinary least squares regression techniques). Contrary tal., 2009), although it occasionally shows a different pat-
recent studies, negative fluxes occur in each sea-to-air fluxern in the deeper ocean indicating its different cycling in
climatology, mainly in the Arctic and Antarctic regions. “Hot the marine environment (Quack et al., 2007). Large vari-
spots” for global polybromomethane emissions are locatedhbility in the CHBro: CHBr3 ratio has been observed in
in the equatorial region, whereas methyl iodide emissionssea water and atmosphere, while elevated concentrations of
are enhanced in the subtropical gyre regions. Inter-annuaboth compounds in air and water are found in coastal re-
and seasonal variation is contained within our flux calcula-gions, close to macroalgae and around islands, as well as in
tions for all three compounds. Compared to earlier studiespceanic upwelling areas (Yokouchi et al., 1997, 2005; Car-
our global fluxes are at the lower end of estimates, especiallpenter and Liss, 2000; Quack and Wallace, 2003; Quack et
for bromoform. An under-representation of coastal emissionsal., 2007). Seasonal variations have been observed in coastal
and of extreme events in our estimate might explain the mistegions (Archer et al., 2007; Orlikowska and Schulz-Bull,
match between our bottom-up emission estimate and top2009), however the database is insufficient to resolve a global
down approaches. temporal dependence. Anthropogenic sources, such as water
chlorination, are locally significant, but relatively small on
a global scale (Quack and Wallace, 2003). There is uncer-
tainty in the magnitude of the global emission flux, and the
1 Introduction formation processes are poorly known. Recent studies have
revealed a missing source of5 pptv inorganic bromine in
Halogen (fluorine, chlorine, bromine, iodine)-containing the stratosphere, which could possibly be explained by the
volatile organic compounds play an important role in tro- contribution of oceanic VSLS (Sturges et al., 2000; Sinnhu-
pospheric (Vogt et al., 1999; von Glasow et al., 2004) andber and Folkins, 2006; Dorf et al., 2008).
stratospheric chemical cycles (Solomon et al., 1994; Salaw- Atmospheric modelling studies have derived top-down
itch et al., 2005). The ocean is the largest source of natuglobal estimates of between 5.4 and 7 Gmol Brlyfor bro-
ral bromine- and iodine-containing halocarbons (Quack andnoform and between 0.7 and 1.4 Gmol Brirfor dibro-
Wallace, 2003; Butler et al., 2007; Montzka and Reimann,momethane using different atmospheric transport models
2011). When emitted into the atmosphere, these compoundg§Warwick et al., 2006; Kerkweg et al., 2008; Liang et al.,
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2010; Ordonez et al., 2012). Global bottom-up emission esti-calculated with a commonly used sea-to-air flux parameter-
mates based on the interpolation of surface atmospheric anidation applying temporally highly resolved wind speed, sea
oceanic measurements have yielded emission estimates sfirface temperature, salinity and pressure data. The results
between 2.8 and 10.3 Gmol Bryr for CHBr3 and between are compared to estimates of other studies, and the tempo-
0.8 and 3.5 Gmol Bryr! for CH,Br, (Carpenter and Liss, ral and spatial variability of the climatological sea-to-air flux
2000; Yokouchi et al., 2005; Quack and Wallace, 2003; But-are discussed. The aim of this study is to provide improved
ler et al., 2007). Additionally, a parameterization for oceanic global sea-to-air flux maps based on in situ measurements
bromoform concentrations covered by a homogenous atmoand on known physical and biogeochemical characteristics
sphere estimates a flux of 1.45Gmotyrfor CHBr3 be- of the ocean and atmosphere in order to reduce the uncer-
tween 30N and 30 S (Palmer and Reason, 2009). tainties in modelling the contribution of VSLS to the strato-
Methyl iodide is mainly emitted from the ocean and is spheric halogen budget (Hamer et al., 2013; Hossaini et al.,
characterized as a dominant gaseous organic iodine speci@f®13; Tegtmeier et al., 2013).
in the troposphere (Carpenter, 2003; Yokouchi et al., 2008).
This compound is involved in important natural iodine cy-
cles, in several atmospheric processes such as the formg Data

tion of marine aerosol (McFiggans et al., 2000), and has _
. . . In this study, CHBg, CHoBro and CHl data are extracted

been suggested to contribute to stratospheric ozone de Ietd

uag ou PRETIC 0z piet om the HalOcAt databaséitps://halocat.geomar.desee

in case it reaches the stratosphere through deep convecti é .
P g P upplement for a list of all data). The database currently

(Solomon et al., 1994). Current model results of Tegtmeier ) o e
etal. (2013) suggest an overall contribution of 0.04 ppsCH contains about 200 contributions, comprising roughly 55 400

mixing ratios at the cold point and a localized mixing ra- oceanlcf and 47200,{?] atmdosiaherlchm_eaﬁu_rer:?en:slgfrg_? a
tio of 0.5 ppt. Enhanced oceanic concentrations ogICie range oroceanic depins and atmospheric heignts o mer-

found in coastal areas where marine macroalgae have beeer{1t halocar_bon compounds (mainly very short-lived bromi-
identified as the dominant coastal giHsource (e.g. Man- nated and iodinated trace gases) from 1989 to 2011. The

ley and Dastoor, 1988, 1992; Manley and dela Cuesta 1997dataset mainly consists of data from coastal stations, ship op-
Laturnus et al.. 1998: Bondu et al 2008) Phytoplar,lkton érations and aircraft campaigns. The individual datasets are

bacteria and non-biological pathways, such as photochemip.rgwt(.jed.b}; the dfitzfet c:je?r:ors. Slnctedthte comtpound dis-
cal degradation of dissolved organic carbon, are significanfrI ution 1S 100 variablé an € current data aré {00 sparse

open ocean sources (Happell and Wallace, 1996; Amachi 0 identify a robust criterion for quality check and data se-
’ ’ ﬁection, no overall quality and intercalibration control on the

al., 2001; Richter and Wallace, 2004; Hughes et al., 2011). tab ists. Fut Kis Dl dt i

Terrestrial sources, such as rice paddies and biomass burrqgrgsa:: dep))(ésrff).rmulel:k:gr\gf()rryui;n?e??zgliebra?igr?: (Cgl:nﬂr;rogt zlan'

ing, are suggested to contribute 30 % to the total atmospheri . ”
g 99 > P 010; Jones et al., 2011). Thus, we use all available surface

CHgsl budget (Bell et al., 2002). Modelling studies and data ocean values to a maximum depth of 10 m (5300 data points)
interpolation estimate global emissions between 2.4 . ) .
Interpo’at ! g @ emissi W and atmospheric values to a maximum height of 20 m (4200

and 4.3Gmollyr! (Bell et al., 2002; Butler et al., 2007; ; : .
Ordonez et al., 2012). Smythe-Wright et al. (2006) extrapo-Olata points) frqm January .1989 un_tll August 201% (Fig. 1)
for the calculation of the climatological concentrations. For

lated a laboratory culture experiment witnochlorococcus ) .
y b sea-to-air flux calculations (see Sect. 3.5), 6-hourly means

marinus(kind of picoplankton) to a global C#lemission es- .

timate oS‘ 4.2 Gn?ol I )p/rl, whe)reas ?he study of Brownell et of wind speed /), sea level pressure (SLP) and sea gurface

. (2010) dputed th et o Smythe rigt . (200e) T PESTE 5 6 o4 1o e ST
h inusi ignifi lobal y

and suggests th& marinusis not significant on a globa years 1989-2011 {ix 1°), whereas salinity (SSS) is taken

scale.
This study presents the first global & 1° climatologi- from the World Ocean Atlas 2009 (Antonov et al., 2010).

cal concentration and emission maps for the three important

VSLS bromofo_rm, dlbromomgthane and methyl iodide baseds Methodology

on atmospheric and oceanic surface measurements avail-

able from the HalOcAt (Halocarbons in the Ocean and At-3.1  Approach

mosphere) database projelttps://halocat.geomar.geAc-

cording to current knowledge of the compounds’ distribu- The high variability of VSLS (especially for CHBY in both
tions and possible sources, we classify the data based oocean and atmosphere is not explicable with any correlation
physical and biogeochemical characteristics of the ocean antb common parameterizations. Production pathways with as-
atmosphere. The interpolation of the missing values onto thesociated production rates and reliable proxies for the com-
1° x 1° grid with two different regression techniques is anal- pounds’ distributions are not available. We tested correla-
ysed. Based on the generated marine and atmospheric sufens, multiple linear regressions and polynomial fits with
face concentration maps, global climatological emissions ardiological and physical parameters (e.g. chlorophylEST,

www.atmos-chem-phys.net/13/8915/2013/ Atmos. Chem. Phys., 13, 8®8PER4 2013
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Fig. 1. Global coverage of available surface seawater measurements in pfaHd atmospheric measurements in ppt for bromofam
b), dibromomethanéc, d) and methyl iodidde, f) from the HalOcAt database project (data from 1989 to 2011).

SSS, SLP, mixed layer depth) to interpolate the data. Sincéion and regionally varying nutrient input as well as light
none of the techniques provided satisfying results, we chooseonditions. Productive eastern boundary upwelling, equato-
to simplify our approach. In order to compute climatological rial and high latitudinal areas are separated by low produc-
concentration maps, information on the compounds’ distri-tive gyre regions. We therefore separated the ocean in dif-
butions is extracted from the existing datasets of the HalOcAferent latitudinal bands and applied (multiple) linear regres-
database and the literature on source distributions. Both suisions between the compounds’ distributions and latitude and
face ocean and atmospheric CHRoncentrations are gen- longitude (see more details in Sect. 3.3). The linear regres-
erally higher in productive tropical regions, at coast lines sions reflect the underlying coarse distribution of the data,
and close to islands, while generally lower and more ho-and their longitudinal and latitudinal concentration depen-
mogeneous concentrations are located in the open oceattence within different biogeochemical and physical regimes
(Fig. 1). The global ocean shows a latitudinal and longi- appears to be the current best available approach for data
tudinal variation of biological regimes, driven by circula- analysis and interpolation. This approach is independent of

Atmos. Chem. Phys., 13, 8918934 2013 www.atmos-chem-phys.net/13/8915/2013/



F. Ziska et al.: Global sea-to-air flux climatology 8919

additional variables, reasonably reflecting the current knowl-ical processes. Thus, we divide the £€B#, and CHl data
edge about the compounds’ distributions considering differ-between the regions in the same way as we have classified
ent biogeochemical oceanic regions and minimizes the crethe CHBg data. The data density for dibromomethane and
ation of non-causal characteristics. The existing data are inmethyl iodide is equivalent to that of bromoform (Fig. 1).
terpolated onto a®1x 1° grid. The missing grid values are

filled using the latitudinal and longitudinal dependent regres-3.3 Objective mapping

sion techniques. The climatological oceanic and atmospheric

surface concentration maps are used to calculate global fieldEhe original, irregular measurements from the HalOcAt

of concentration gradients and sea-to-air fluxes. database are transferred to a uniform glolsak 1L° grid us-
ing a Gaussian interpolation. Based on this technique the
3.2 Classification value at each grid point is calculated with the measurements

located in a defined Gaussian range. The Gaussian bell radius
All data are divided into coastal, shelf and open oceanis 3 for the surface open ocean water and atmosphere data
regimes. The coastal area is defined as all fitst 1° grid and T for the coast and shelf region. The wider radius for
points next to the land mask, while the shelf regime com-the open ocean regimes are caused by the higher homogene-
prises all second grid points neighbouring the coastal oneity of the data in this region. This kind of interpolation takes
The other grid points belong to the open ocean water and atthe spatial variance of the measurements into account. The
mosphere regime. The data from coastal and shelf regions aemaller the distance between a given data point and the grid
very sparse. For this reason, they are only separated betwegmint, the greater is its weighting in the grid point calcula-
Northern Hemisphere and Southern Hemisphere. tion (Daley, 1991) (see Supplement for a list of all calculated

The open ocean water data are further divided into 4 re-atmospheric and oceanic grid points based on objective map-
gions for each hemisphere. The inner tropics (*)diiclude  ping). For grid points where no measurements are available
the equatorial upwelling regions with high biomass abun-within the Gaussian bell area, no concentration data can be
dance and elevated CHBconcentrations, especially in the calculated directly and a linear regression needs to be ap-
eastern ocean basins. The subtropical gyres, with descenghied.
ing water masses and hence low biological production at the
surface, are identified as the second region (5 t9.4Dhe 3.4 Linear regression
third region comprises the temperate zones between 40 to
66° with higher climatological surface chlorophyll concen- Data gaps on the°1x 1° grid are filled based on a multiple
trations than in the gyre region and decreasing water tempeitinear regression technique using the original dataset, apply-
ature and increasing CHBIconcentrations towards higher ing the functional relationship between latitude and longitude
latitudes. The fourth region (poleward of §Gncompasses as predictor variables; andxz, and compound concentra-
the polar Arctic and Antarctic with cold surface waters and tion as the response variable(Fig. 2, for specific details see
occasional ice cover. Sect. 3.5).

The open ocean atmosphere is classified in a slightly dif- The regression coefficients for each defined oceanic and
ferent way from that of the open ocean waters. The inneratmospheric region are given in Tables S1 and S2 in the Sup-
tropical region (here from 0 to TDis characterized by the plement. For regions where the spatial coverage of the data is
intertropical convergence zone, upward motion, low pressurextremely poor, a first order regression based on the latitude
and deep convection. Additionally, each hemisphere is di-variable only is used. For regions without data or in case the
vided into 3 wind regimes: subtropics (10 to°30midlati- interpolation does not produce reasonable results (e.g. con-
tudes (30 to 69) (westerlies, storm tracks) and polar regions centrations calculated with the regression are negative), the
(60 to 90), characterized by distinctive air masses, wind di- linear regression of neighbouring open ocean regions of the
rections and weather conditions. same latitudinal band is used to fill the data gaps, assum-

The open ocean regimes (oceanic and atmospheric) argeg similar physical and biogeochemical conditions. For ex-
further subdivided into the Atlantic, Pacific, Indian and Arc- ample, no data exist for the tropical Indian Ocean (ONp
tic basins. Thus, the HalOcAt data is sorted into 21 differentthus, open ocean data from the tropical Atlantic and Pacific
regions for surface open ocean water and atmosphere (s€8—5° N) are used to determine the missing values. Since data
Tables S1 and S2 in the Supplement). Gridding the data andoverage in coastal and shelf regions is low, the regression
inserting missing values is described in the following section.coefficients are calculated over each entire hemisphere. Ad-
Dibromomethane has been reported to have similar sourcditionally, we apply the root mean square error (RMSE), cal-
regions as CHBy, (Yokouchi et al., 2005; O'Brien et al., culated as the difference between the predicted values and
2009), while methyl iodide is reported to also have coastalthe observed data, as a measure of accuracy. A small RMSE
planktonic and photochemical sources (Hughes et al., 2011reflects a low bias and variance of the predicted values, with
Moore et al., 1994; Richter and Wallace, 2004). Both com-zero indicating that the regression techniques predict the ob-
pounds are also tight to unrevealed direct or indirect biolog-servations perfectly.

www.atmos-chem-phys.net/13/8915/2013/ Atmos. Chem. Phys., 13, 8®8PER4 2013



8920 F. Ziska et al.: Global sea-to-air flux climatology

40

30

20

3

40 40 40

CHBr_ [prmol L")

30 s}

20 o 0%
© 0 45 @D‘b
R

0 5 o %

o
v

= oloons ondh ©0BOR0E:

! 35 4 3 2 1 0

— 0% ©
g 0
= 75 80 85 90
hfﬁ
2 s 5 5 5
[}
a
4 o 4 4 4

Q
-60 =50 -40 =30 -30 =20 =10 =10 =5 0
Latitude [*N]

Fig. 2. Latitudinal distribution of open ocean watg) (pmol L~1) and atmospheréb) (ppt) bromoform concentrations (blue circles) clas-
sified in eight different latitudinal bands. The robust fit (RF) (red line) and ordinary least squares (OLS) (black line) regression analyses are
included.

3.5 Robust fit vs. ordinary least squares equal weight and the model coefficients are estimated us-
ing ordinary least squares. In the following iterations, the
In our study, two different regression techniques are appliedWeighting of the data points is recalculated so that the dis-
The ordinary least squares (OLS) technique contains the lead@nt data points from the model regression from the previous
squares method. This means that the sum of Squared devig.eration are given lower Welght This process continues until
tions between the empirical values in the dataset and the the model coefficients are within a predefined range. Our cal-
predicted linear approximation is minimized. culations are based on the most common general method of
The second method for calculating regression coefficientgobust regression, the “M-estimation” introduced by Huber
is the robust fit (RF) technique which is especially used for(1964).
not normally distributed values. A regression analysi®is Both regression methods are shown in Fig. 2 for all lat-
bustif it is not sensitive to outliers. The calculation of the ro- itudinal divided open ocean water and atmospheric mea-
bust coefficients is based on theratively reweighted least ~surements for bromoform. The RF regression lines (red) are
squaresprocess. In the first iteration each data point haslower than the OLS (black) and occasionally show different
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Fig. 3. The percentage change of the global oceanic emission for bromggrmibromomethanéb), both in Gmol Bryr1, and methyl

iodide (c), in Gmol I yr—1, based on individual input parameters: wind speed (blue), sea surface temperature (magenta), sea surface salinity
(red) and sea level pressure (black). The input parameters are individually increased and decreased by their multiple standard deviation:
(—30 to 30) while the other input parameters remain fixgdparesents the oceanic emission using the mean input parameters).

trends. The reason for the large deviation between the RF andorrections for the water temperature and a Schmidt num-
OLS regression is the different weighting of outliers. Out- ber (S9 dependence for each gas (Quack and Wallace, 2003;
liers crucially influence the value of the OLS slope, whereasJohnson, 2010).

the RF regression is located at the largest data density and

reduces the influence of outliers. While the RF capturesk = (0.222U2 + 0.3330)sqrt(660Sc 1) (4)
background values, the OLS technique indicates the variabil-

|ty of the data. Based on the obtained concentration maps-,rhe dimensionless Schmidt number is the ratio of the diffu-
global fluxes are calculated and compared to literature value§ion coefficient of the compound)(in cm?s™) of interest
(see Supplement for a list of all calculated atmospheric anc@nd the kinematic viscosity (in cn? s~1) of sea water, and
oceanic grid points based on linear regression and objectivlepends mainly on the temperature and the salinity.
mapping as well as on linear regression only). Se=v/D 5)

3.6 Air—sea gas exchange and input parameters D = (193x 10 10x SST 4+ 1686x 10 1°xSST (6)

Fluxes (¢ in pmolcmh?) across the sea-air interface + 40342 x 1078) for CHBr3

are generally calculated as the product of the sea-to-air

concentration difference and a gas exchange velocity. Thd he diffusion coefficients for the compounds were calculated
partitioning of a gas between the water and gas phase igccording to Quack and Wallace (2003).

described by the dimensionless Henry’s law constahy ( The gas exchange velocity and concentration gradient are
which highly depends on temperature and the moleculadependent on SST, SS8, and SLP as input parameters.
structure of the species. For our calculations, the Henry'sPuring the initial stages of this study, we used climatologi-
law constants of Moore et al. (1995a, b) are used. The atcal mean values (1989-2011) of the input parameters for our
mospheric mixing ratios@, in ppt) are converted to equi- calculation of the global climatological emission estimates.
librium water Concentratioﬂg:zi in pm0| L—l) and the devi- A SenSitiVity Study demonstrates how Changes in the inpUt
ation from the actual measured water concentrat@an (n parameters (climatological means) affect the global flux cal-
pmol L~1) describes the driving concentration gradient. The culation for bromoform, dibromomethane and methyl iodide

sea-to-air flux is negative if the transport is from the atmo- (Fig. 3). Each input parameter is individually increased and

sphere to the ocean. decreased by their multiple standard deviation8« to 30)

L while the other input parameters remain fixed. The standard
F=k(Cw—CaH ™) (1) deviations are calculated for every grid point for the years
Ca= Cm-SLP/(SST+27315)/83.137 (2)  1989-2011. This study shows the importance of each in-

H = exp(—4973/(SST+ 27315) + 13.16)for CHBr;  (3) put parameter for the flux variance. Sea syrfgce salinity gnd
sea level pressure affects the VSLS emission calculations

Several parameterizations for the air—sea gas exchange eleast compared with the other parameters (Fig. 3). Changes
ist in the literature, which express the relationship betweenn wind speed and sea surface temperature have strong in-
the gas exchange velocity in cm h~1) and wind speed (e.g. fluences on the bromoform sea-to-air flux. In general, a re-
Liss and Merlivat, 1986; Wanninkhof, 1992; Wanninkhof and duction/enhancement of the wind speed is directly accom-
McGillis, 1999; Nightingale et al., 2000). Experiments have panied by a decrease/increase in air-sea gas exchange co-
shown that the dominant parameter influendirig the wind  efficients, and higher/lower sea surface temperature leads to
speed. We chose to calculate the transfer coefficients baseah increase/decrease of the concentration gradients as well
on the parameterization from Nightingale et al. (2000) with as the air—sea gas exchange coefficients (Schmidt number).
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The dependencies of the global dibromomethane emissiotropical gyres £ 0.5—-1 pmol 1), most distinctly in the At-
variability on the individual input parameters are the samelantic, North Pacific and southern Indian Ocean.
as described for bromoform. The global methyl iodide emis- Estimating global concentration maps based on an identi-
sions are mainly influenced by variations of the wind speed fied linear relationship is difficult in regions with sparse or
while the other parameters have less effect. The sensitivitymissing data (e.g. Indian Ocean). Atlantic and Pacific Ocean
study shows that marginal changes of the input parameterdata must be used to fill the data gap in the Indian Ocean,
can lead to a significant variation of the global flux estimate.since no measurements exist there. Thus, we expect similar
Averaging over a long time period when producing clima- concentrations as in the other oceans. One dataset is available
tological means involves smoothing extreme values, whichfor the northern Indian Ocean (Yamamoto et al., 2001). The
is especially relevant for the wind speed (Bates and Merli-few measurements of bromoform in the Bay of Bengal are
vat, 2001). Since the air-sea gas exchange coefficient hasunusually high £ 50 pmol L1) for an open ocean area. We
non-linear dependence on wind speed, the application of aveecided to not include these outliers in our analysis, since our
eraged data fields causes a bias towards a lower flux whemethod would possibly overestimate water concentrations
compared to using instantaneous winds and averaging thim the entire northern Indian Ocean using these data. The
emission maps afterwards (Chapman et al., 2002; Kettle antligh concentrations in the equatorial region (the product of
Merchant, 2005). To reduce the bias, we apply the highesthe other two basins) are approximately collocated with the
available temporal resolution of the input parameters andupwelling season during the northeast monsoon, indicating
calculate 6-hourly global emissions with 6-hourly means of higher productivity (Schott et al., 2002). The global ocean,
U, SST, SLP and monthly means for the SSS (from Januaryand especially the Indian and Arctic, is data poor, and re-
1989 to December 2011). Finally, we sum the emissions forquires further sampling and evaluation to improve the predic-
each month, calculate monthly average emissions over th&ons. Atmospheric surface mixing ratios of bromoform show
twenty-one years and summarise these twelve averages ®milar distribution patterns. Higher atmospheric mixing ra-
obtain the climatological annual emission. tios are located in the equatorial regions (1-3 ppt), around
coastlines{ 1-10 ppt) and upwelling regions (10-17 ppt), as
well as in the northern Atlantic~ 12—-21 ppt), while lower
mixing ratios are found above the subtropical gyre€(2—
4 Results and discussion 0.8 ppt).
The global surface oceanic concentration map of di-
Marine (pmolL~%) and atmospheric (ppt) global surface bromomethane shows similar patterns as bromoform. En-
concentration maps of bromoform, dibromomethane anchanced oceanic surface concentrations are located around
methyl iodide calculated with the RF regression are ShOWI’the equatoria| regionr\( 6-9 pm0| L_l), while low concen-
in Fig. 4 (surface ocean concentrations and mixing ratios caltrations occur in the subtropical gyres (1-2 pmotb, sim-
culated with the OLS technique are illustrated in the Supple-lar to CHBr5 in distribution, but with higher values. Di-
ment). Based on the RF and OLS marine and atmospherigromomethane concentrations in the coastal regions are sig-
concentration maps, global sea-to-air flux climatologies arenificantly lower than those for bromoform. Distant from
calculated (Fig. 5). the coastal source regions @Bt> is mostly elevated in
the atmosphere relative to CHBrbecause it has a longer
4.1 Climatological concentration maps of CHBg and atmospheric lifetime than CHBr(e.g. Brinckmann et al.,
CH>Br» 2012) (CHBry = 0.33 yr, CHBi = 0.07 yr, (Warneck and
Williams, 2012).
Marine surface concentrations of bromoform (Fig. 4) are Elevated marine dibromomethane concentrations are
higher in the equatorial region{6 pmol L~1), upwelling ar-  found in the Southern Ocean (4—6 pmofi). This area is
eas (e.g. the Mauritanian upwelling regier21 pmol 1), characterized by several circumpolar currents separated by
near coastal areas-(17-42 pmol 1) and in shelf regions  frontal systems, with seasonally varying ice coverage, and is
(~8-32pmol L-1), consistent with macroalgal and anthro- known to experience enhanced biological production (Smith
pogenic sources along the coast lines as well as biologicadnd Nelson, 1985). Sea-ice retreat and the onset of microal-
sources in upwelling areas (Carpenter and Liss, 2000; Quaclae blooms have been related to an increase in marine surface
and Wallace, 2003; Yokouchi et al., 2005; Quack et al., 2007;bromocarbon concentrations (Hughes et al., 2009). However,
Liu etal., 2011). The coastal and shelf areas both show a poghis strong increase of CiBr» is currently not understood.
itive latitudinal sea surface concentration gradient for bro- The climatological maps represent annual average values
moform and dibromomethane towards the polar regions. Thehat may underestimate seasonal and short-term variations
coastal sea surface concentrations of bromoform are on ayHepach et al., 2013; Fuhlbgge et al., 2013). These varia-
erage twice as high as in the shelf region. The open oceations currently cannot be reflected in the model, since knowl-
generally has homogeneous concentrations between 0.5 amtige about production processes and the influence of envi-
4 pmol L. Lower values are located especially in the sub- ronmental values on the concentrations is incomplete.
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4.2 Climatological concentration maps of CHil Our open ocean flux of CHBiis about 25 % of the global
sea-to-air flux estimate, which is in agreement with the 20 %
The same classification and interpolation technique used fogalculated by Butler et al. (2007) and the 33 % of Quack and
the bromocarbons reveal elevated marine and atmospherig/allace (2003). This underlines that the coast and shelf re-
concentrations of methyl iodide (2-9 pmott, 0.3-1.5ppt)  gions play a significant role in the global bromoform budget.
in the subtropical gyre regions of both hemispheres (Fig. 4).The tropics (20N to 20° S, including open ocean, shelf and
This is in contrast to the oceanic concentration maps of brogoastal area) represent the region with the highest bromoform
moform and dibromomethane, and is in agreement with reemissions of 44/55 % (Table 3). This is in agreement with the
ported production processes, such as photochemical oxidaop-down approach of 55.6 % betweerf 20to 20° S pub-
tion of dissolved organic matter and iodide, as well as pro-lished by Ordonez et al. (2012) and of 37.7 % fof NOto
duction from cyanobacteria (e.g. Richter and Wallace, 2004;1(r S from Liang et al. (2010). A decrease in the total emis-
Smythe-Wright et al., 2006). sion towards the polar region is visible. Hence, the tropics
Additionally, enhanced oceanic concentrations and at-are a “hot spot” for bromoform emissions.
mospheric mixing ratios are found in the upwelling re-  Comparable with the sea-to-air fluxes based on the RF
gion off Mauritania and near the coastlines north of 40 an{;dysis7 the emissions using the OLS method shows en-
(~9pmolL~1). Here in the region of offshore trade winds hanced sea-to-air fluxes in the North Atlantic and all
and dust export, the atmospheric methyl iodide from thegyre regions, and an elevated sink in the Arctic region
ocean may be supplemented by input from land sources (Sivgrig. 5). We estimate a global positive sea-to-air flux for
et al.,, 2007) as elevated air concentrations have been notedHBr; of ~2.06 GmolBryr! (RF), ~2.96 Gmol Bryr?!
to be associated with dust events (Williams et al., 2007).(OLS); and a global sink, air-to-sea flux, for CHBof
The sharp concentration increase towards the coast, as 0b-0.56 Gmol Bryr! (RF),~0.47 Gmol Bryr! (OLS).
served for bromoform and dibromomethane, does not exist Differences between the distribution of source and sink re-
for methyl iodide. The open ocean concentrations are gengions and of CHBr, emissions calculated with the RF and
erally higher than the coastal values, except for the North-OLS regression are less pronounced than those of gHBr
ern Hemisphere. The elevated coastal oceanic concentratiorgig. 5). The Arctic Ocean acts mainly as a sink for atmo-
might be due to the occurrence of macroalgae and anthrospheric CHBr,, most likely because of the low sea surface
pogenic land sources (e.g. Laturnus et al., 1998; Bondu efemperatures, low water concentrations and higher air con-
al., 2008) or to elevated levels of dissolved organic materialcentrations. The Southern Ocean (south of Spacts as a
(DOM) (e.g. Manley et al., 1992; Bell et al., 2002). The polar source to the atmosphere. The OLS based emissions show
regions show generally homogenous and low concentrationgn enhanced source region in the southern Pacific due to

of methyl iodide (Antarcticx~ 0.3 ppt,~ 1.5 pmol L1 Arc- elevated marine surface concentrations. We estimate a pos-
tic: ~ 1 ppt and~ 0.3 pmol L™ 1). itive global CH:Br, sea-to-air flux of~0.89 Gmol Bryr!
i ) o (RF), ~1.09Gmol Bryr! (OLS); and an air-to-sea flux of
4.3 Climatological emission maps of CHBg and ~0.12 Gmol Bryr! (RF), ~0.11 Gmol Bryr? (OLS).
CH,Br; ’

Our total open ocean flux of 0.6-0.76 Gmol Br

(CHzBrp) yr™! is in agreement with the estimates
Elevated bromoform fluxes from the ocean to the atmo of ~0.7GmolBryrligiven by Ko et al. (2003) and

s_phere are generally found closg to co_astllnes, in equato'.GGmoI Bryrl given by Butler et al. (2007). The coast
rial and eastern boundary upwelling regions (e.g. the Mau-

ritanian upwelling region) and a wide region of the south- and shelf regions play a minor role for the global ﬂa”z.
., h . ; budget compared to the open ocean, which contributes
ern Pacific (subtropical gyre). Very high sea-to-air fluxes

(> 1500 pmol T2 h-1) also occur in the Bay of Bengal, the 77 % Gmol Bryr+. The global emission distribution for

Gulf of Mexico, the North Sea and the east coast of NorthCHz.Br2 and CHBg is similar in the mldla_\tltudes and the
America tropics. (Table 3). Enhanced source regions for the atmo-

While they cover 16% of the world ocean area, the sphere are found in the tropical area contributing about
. ) . . . 44/49 % between 2N and 20 S. This is lower compared
coastal and shelf regions, with their high biological produc- .
= ) . with the study of Ordonez et al. (2012) who calculated a con-
tivity, have enhanced concentrations of bromoform and di-

bromomethane and account for 67/78(RF/OLS) % of totalgilgﬁg?jzg:egz'eltﬁ:;?g ﬁ?eN ?Iazro:es.i(;rnie CHBrz emis-
Br emission attributable to CHBrand 22/24 % of that at- P 9 ’

tributable to CHBr». Most of the open ocean appears almost
in equilibrium with the atmosphere, especially in the subtrop-

ical gyre regions. A CHBy flux from the atmosphere to the The global emissions of il reveal an opposite pattern

ocean is seen in the entire Southern Ocean, the northern pa&)mpared with CHBy and CHBr> (Fig. 5). The main dif-

of the Pacific and In some parts of the North Atlantic (e.g. ference is the enhanced emission in the subtropical gyre re-
east of North America). gions

4.4 Climatological emission maps of CHl
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Fig. 4. Global maps of marine concentrations (pmoti) and atmospheric mixing ratios (ppt) for bromofote b), dibromomethanéc,
d) and methyl iodidde, f) based on the robust fit (RF) regression analyses. The concentration maps calculated with the OLS method are

included in the Supplement (Fig. S3).
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Fig. 5. Global sea-to-air flux climatology of bromofor(a, b), dibromomethanéc, d) and methyl iodidge, f) in pmol m2h~1 based on
the RF @, c, € left column) and OLSH, d, f, right column) analyses.
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Equatorial upwelling regions, as well as the Arctic and  ——;
Antarctic polar regions, are mostly in equilibrium. In com- —cH By A
parison with CHBg and CHBr», the global CHI sea-to-air Pl x
fluxes are generally positive, indicating the larger supersat- _,,
urations of the oceanic waters. The OLS regression shows 3
the North Atlantic to be a very strong source region for at-
mospheric methyl iodide. Coast and shelf regions transport
only ~ 13 % of | (CHgl) to the atmosphere. The open ocean
contribution of 87 % is more than the estimate from Butleret
al. (2007) of 50 % open ocean emissions of methyl iodide. sos as o aen T eow B80S a0 00 40N 80N

Possibly, the subtropical gyre regions are more dIStInCtIVeFig. 6. Zonal mean concentration gradients for bromoform (dashed

source areas in our climatology than in Butler et al. (2007). i16) " gibromomethane (solid line) and methyl iodide (dash-dotted

The southern tropics and subtropics represent the regiong,e) in pmol L1, calculated with RF (left side) and OLS (right
with the highest emission strength, decreasing towards thgjge) methods.

polar areas (Table 3). We calculate a global sea-to-air flux
for CHgl of ~ 1.24 Gmol lyr! (RF) and~ 1.45 Gmol | yr!

AC [pm:

o

(OLS). smaller difference between RF and OLS is the occurrence
. of less extreme values in the concentration gradients for
4.5 Evaluation of RF and OLS results CH3Br; and CH;l compared with CHBy. The global surface

_ _ _ emissions of bromoform, dibromomethane and methyl io-
All subtropical regions, and especially the equator, show adide yield a similar spatial distribution with both techniques
large temporal and spatial variability in the data, which is re- (Table 2).

flected in the enhanced RMSE parameter (Tables S1 and S2
in the Supplement). The wide concentration ranges might bel.6 Comparison of estimation methods
caused by real variations between sampling in different sea-
sons, where the seasonally varying strength and expansion éf the following section we compare our emission clima-
upwelling (equatorial and coastal) (Minas et al., 1982; Hagentology with recently published estimates, including differ-
etal., 2001) and solar flux may cause different concentrationgnt calculation techniques (i.e. bottom-up and top-down ap-
of the compounds. proaches), as well as laboratory experiments (Table 6). The
The evaluation of the two regression methods shows thaglobal bromoform emission estimates show the largest dif-
RF is more representative of a climatology, since it is cal-ference between the studies.
culating a regression independently of outliers and weighted Warwick et al. (2006) modelled surface mixing ratios us-
by the data distribution. In comparison, the OLS regressioning different emission scenarios and fitted them to the avail-
weights outliers, and, hence considers extreme data and varable atmospheric measurements. These scenarios applied
ability more than the RF method (Fig. 2). The global appear-different global emission estimates, e.g. the bottom-up es-
ances of RF and OLS maps are not extremely different (se¢imate from Quack and Wallace (2003). The course resolu-
Supplement). Nevertheless, they introduce slight differencesion of 2.8 x 2.8 used in the Warwick study does not well
in the concentration gradients and in the sea-to-air flux cli-resolve the coastal areas, which are thought to be the main
matologies. source for bromoform. In addition the applied uniform inter-
The influence of the RF and the OLS regression for thepolations do not reflect the actual conditions. In the results of
global surface concentration distribution in atmosphere andVarwick et al. (2006), the coastlines further north and south
ocean, which has consequences for the concentration graf the tropics exhibit no enhanced atmospheric bromoform
dient, is shown in Table 1 and Fig. 6. In general, the OLSconcentrations or emission to the atmosphere compared to
technique calculates higher mean and median values, includhe open ocean. This does not reflect the in situ measure-
ing the enhanced concentrations and outliers. Additionallyments from the HalOcAt database. Based on local bromo-
bromoform shows higher variance compared with the othefform measurements in Southeast Asia, Pyle et al. (2011) re-
compounds in both techniques and reflects the high data variduced the emission estimate of Warwick et al. (2006) in this
ability between coastal and open ocean bromoform conceneoastal area. This study shows the importance of local mea-
trations. Further, the calculated concentration gradient fromsurements for the improvement of global estimates. Other
the OLS method exhibits stronger source (emission into thenodel studies based on the ideas of Warwick et al. (2006),
atmosphere) and weaker sink regions compared with RFe.g. Kerkweg et al. (2008), show the same underestimation
which is again most pronounced for bromoform (Fig. 6). The of coastal emissions in the extra tropics. In contrast, Liang
OLS and RF distribution (mean, median and standard deviet al. (2010) consider all coastlines with enhanced emissions
ation) for dibromomethane and methyl iodide are in closerin their scenario; furthermore the finer classification of their
agreement compared with bromoform. The reason for thisemission scenario compared with Warwick et al. (2006) is
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Table 1. Statistical moments: meam), median, standard deviatioa X, minimum and maximum values of atmospheric mixing ratio (ppt)
and oceanic concentration (pmot) climatologies of CHBg, CH,Br, and CHl based on the RF and OLS regression analyses.

Compound n Median o Minimum Maximum

RF OLS RF OLS RF OLS RF OLS RF OLS

Atmosphere

CHBrg 09 11 1.0 16 12 16 0.01 0.03 53.1 53.1
CHyBry 1.0 11 1.0 11 04 04 0.07 0.07 7.8 7.8
CHgsl 0.7 0.8 0.7 0.7 04 04 0.05 0.01 7.3 7.3
Ocean

CHBr3 59 9.3 31 44 9.8 146 0.29 0.19 823.0 823.0
CHyBry 29 35 1.9 26 24 27 0.01 o0.01 89.8 89.8
CHgsl 32 39 26 34 26 29 0.03 0.05 39.6 39.6

Table 2. Statistical moments: meap), median, standard deviatioa X, minimum and maximum values for the calculated global sea-to-air
flux climatologies of CHBg, CH,Bro and CH;l based on the RF and OLS regression analyses, in pm%hﬁl.

Global Sea-to-Air " Median o Minimum Maximum
Flux Climatology RF OLS RF  OLS RF  OLS RF oLS RF oLS
CHBr3 1549 236.2 47.1 89.7 549.7 749.6 5339 -—-5230 19618 19618
CH>Bro 76.5 1124 79.3 78.8 2379 2584 -1687 -1714 3978 3978
CHgsl 329.6 405.0 307.3 385.2 289.8 348.3 —49 —-55 4895 4878
Table 3. The emission distribution of CHBr CH,Br, and CHl correlation between his modelled values and observations

calculated with two different regression methods (RF and OLS) foris, with 2 = 0.4, low, which reveals the deficiency of this
different latitudinal bands (see text for explanation), expressed as gnethod (and chi).

percentage. In some studies local emission estimates are extrap-
olated to a global scale. Extrapolating near-shore emis-
CHBr3 CHaBr2 CHgl sions may significantly overestimate the global sea-to-air
RF  OLS RF OLS RF OLS fluxes, since they generally include elevated coastal con-
50-90 N 228 212  -97 -49 104 76 centrations, which are not representative of the global
20-50 N 74 159 13.7 19.1 19.8 20.3 ocean. Yokouchi et al. (2005) applied a coastal emission
2°N-20°S 547 436 48.9 443 289 321 ratio of CHBRr/CHBr; of 9, and a global emission of
20-50 S 227 193 251 221 32.8 341 0,76 Gmol Bryr? for CH,Br; to infer a global CHBs flux
50-90 S —7.6 0.007 220 195 82 59

estimate of 10.26- 3.88 Gmol Bryr 1. O’Brien et al. (2009)
followed the same method and extrapolated local near-shore
measurements in the region surrounding Cape Verde to a
similar to our study. Another comparable classification (lat- global scale using an emission ratio of CHEH,Br, = 13.
itudinal bands, higher emissions in coastal regions) is used he global fluxes from these studies are nearly four times
in the model (top-down approach) by Ordonez et al. (2012),higher than those calculated in our study. However, since the
who parameterized oceanic polybromomethanes emissionemission ratios of CHBrto CHyBr, are generally higher in
based on a chlorophylt (chl @) dependent source in the coastal regions than in the other areas (Hepach et al., 2013),
tropical ocean (20N to 2C° S). We also see the occurrence of the calculated global flux for CHBIicould be an overestima-
enhanced bromoform, as well as dibromomethane emissionion.

in tropical upwelling regions and in coastal regions, although Butler et al. (2007) and Quack and Wallace (2003) inter-
a direct correlation between chland the VSLS compounds polated oceanic and atmospheric in situ measurements for
is not apparent from the observations (Abrahamsson et alglobal emission estimates. Butler et al. (2007) subdivided
2004; Quack et al., 2007b). Palmer and Reason (2009) devethe ocean into the main basins and calculated the fraction
oped a parameterization for CHBpased on chk (between  of each compound for each region as a percentage. Coastal
30° N and 30 S), including other parameters (mixed layer areas were not considered. The extrapolation by Quack and
depth, sea surface temperature and salinity, wind speed). Thé&/allace (2003) contained most of the currently available
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Table 4. Fluxes of bromine from CHByrand CHBr, in Gmol Bryr_l, and iodine from CHI in Gmol | yr‘l.

References CHByrFlux CHyBry Flux CHgsl Flux Approach
(Gmol Bryr 1) (Gmol Bryr 1) (Gmol 1yr™1
Global Global Global
Butler et al. (2007) 10.01 3.50 4.33 bottom-up
Liang et al. (2010) 5.38 0.71 top-down
O’Brien et al. (2009) 10.26 bottom-up
Yokouchi et al. (2005) 10.26 bottom-up
Warwick et al. (2006) 7.01 1.25 top-down
Pyle et al. (2011) 4.78 1.25 top-down
Quack and Wallace (2003) 10.01 bottom-up
Smythe-Wright et al. (2006) 4.18 lab experiment
Bell et al. (2002) 2.4 model study
Ordonez et al. (2011) 6.67 0.84 2.39 top-down
Kerkweg et al. (2008) 7.45 1.41 top-down
Source  Sink Source  Sink Source  Sink
This study RF 2.06 -0.56 0.89 -0.12 1.24 —0.00008 bottom-up
This study OLS 296 -0.47 1.09 -0.11 1.45 —0.0001 bottom-up

Some earlier emission estimations for £H(1.05-
10.5Gmol lyr1) are given by Bell et al. (2002), who pro-
duced the first seasonal model simulation of global oceanic
and atmospheric C#ll surface concentrations. A low corre-
lation between observations and modelled data was obtained
(r =0.4). The authors assumed a missing biological sink
" o of CHgsl in the ocean that would have reduced their com-
puted concentrations to better match the observations. Sink
VARV and source mechanisms for the formation ofs{CHre not
fully understood, making it difficult to model Gilemissions

based on source and sink parameterizations. In our study a
Fig. 7. Inter-annual sea-to-air flux variability over 1989-2011 global sea-to-air flux of 1.24—1.45 Gmol W?'r is estimated,
(bold solid line) of bromoform (left), dibromomethane (centre) and \yhich is within the lower range of earlier studies (Table 4).
methyl iodide (right) calculated with the two regression techniquesor calculated climatology uses a larger dataset than the
(RF (lower panels) and OLS (upper panels)), in Gmol (Br/l) study of Bell et al. (2002). Ordonez et al. (2012) calculate
Additior_1a||y, the respective cIimatoIogi(_:aI_ value is marked (dash- a global CHy flux of the same magnitude as our study us-
dotted line) as well as the standard deviation (grey shaded). . . o .
ing a top-down approach with a modified global chemistry
model that includes bromine and iodine chemistry. Smythe-

published measurements and used a finer area classificatigfight et al. (2006) cglculated a global flux ?f iodine from
for shore, shelf and open ocean regions as well as for latiProchlorococcus marinusf ~4.18 Gmollyr™ based on
tudinal bands. Both bottom-up approaches applied a COarS@easu_rements from two cruises. The Iatt_er stud_y assumes
data interpolation compared to the classification and regresthat this phytoplankton species is the major marine source
sion technigues used in this study and appear too high.  Of atmospheric Chl. The assumption of Smythe-Wright et
We calculate a global Ci#Br, sea-to-air flux of 0.77— &l (2006) that the oceanic surface 40°N and S) is cov-
0.98 Gmol Bryr?, which is also in the lower (0.71— €red with Chil-producing picoplankton might overestimate
3.5Gmol Bryr 1) range of the other estimates (Table 4), but the glpbal CHil sea-to-air flux. Calculations based on culture
is in much closer agreement compared to the other com&XPeriments from Br(_)wnell et al. (2010) demonstrate that
pounds. Reasons for the good agreement with recent stud2rochlorococcus marinusccounts only for 0.03% of the
ies could be the longer atmospheric lifetime of £B#, and global CH;l budget and is not a globally significant source

the lower variance of sea water values which cause a mor€f CHsl- Hughes et al. (2011) suggest different culture con-
homogenous global distribution. ditions as a possible explanation for the contradictory find-

ings of the culture experiments. The bottle experiments of

[Gmol (Br/) yr' ]
]

1994 199 2004 2009
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5 7 5 tions, e.g. light and water temperature or biological species
composition, which have an influence on the variability of
the air and water concentrations in certain areas (Archer et
al., 2007; Orlikowska and Schulz-Bull, 2009), are not con-
sidered because of the generally poor temporal data cover-
age. Fitting the in situ measurements onto oux11° grid
(by using objective mapping) leads on average to a reduction
of the initial atmospheric mixing ratios and oceanic concen-
trations of less than 1 %. The accuracy of the interpolation is
limited by the sparse data coverage and the regression tech-
nigue used. Seasonal and spatial accuracy could be improved
s if a larger dataset was available. Thus we recommend more
2 46810 2 46810 246 810 measurements, especially in the ocean, as well as a refine-
Fjg. 8. Global monthly sea-to-air flux averages of bromoform (left), tthnSt g_];_ Fi)sroccoensssi duenrggrisrfiﬂgIZghggr?trizgﬁog;?;(;/iaeu:l?bggg doifn
dibromomethane (centre) and methyl iodide (right) in mol (Br/I) . . . P
month~1 (bold solid line) from 1989 to 2011, including their stan- the sea-to-air f'PX calculation, bY computing a new equilib-
dard deviation (grey shaded area) and their minimum and maximunfium concentration for every 6 h time step from 1989 to 2011.
value (solid line). Additionally, the respective annual mean value is
marked (dash-dotted line). The upper graphs show the oceanicemi$.2  Annual and seasonal variability
sions using the OLS regression technique and the bottom graphs the
RF calculated fluxes. The inter-annual variability of the global sea-to-air flux from
1989 to 2011 is small and generally less than 5% (Fig. 7).

. . The halocarbons all show a positive trend towards 2011.
Richter and Wallace (2004) suggested a photochemical PrOithin a year, the global flux varies monthly for every halo-

duction pathway of CHl in open ocean water which might genated compound (Fig. 8). The maximum global sea-to-air

also explain our surface distribution (enhanced emissions iy . i< most pronounced in July for all compounds, while the

the subtropical_ gyre regions). . . minimum is reached in March—April for CHBrand CHl
The comparison of our global sea-to-air fluxes with otherand in October for CbBr,. The climatological monthly

global estimates reveals the greatest discrepancy for broquux and the corresponding minimum and maximum monthly

form. We have shown that bromoform levels are the mMosty ves vary between 9 and 21 %. @Hshows the smallest
variable in the ocean and atmosphere. Possibly, the “ndefﬁean deviation with 9 and 11% for OLS and RF respec-

representation of extreme values generates too small conceﬂ{/my whereas the variation for GiBr, is between 14 and
tration gradients, which reduces our total emission estimate17 %’and for CHBg between 17 and 21%. Thus the sea-

Especially in coastal and shelf regions, tied1” grid reso- ¢, yariation of the global climatological flux is larger than
lution cannot resolve these extreme concentrations and very inter_annual variation, despite the shifting of the seasons
likely leads to underestimated emissions. (half a year) between the Northern Hemisphere and Southern
Hemisphere. The global climatological fluxes, obtained from
the sum of the monthly averages between 1989 and 2011, de-
scribe the current best possible estimates of the moderately
We calculate global emission fields using fixed oceanic con-varying annual and seasonal global emissions. However, the
centrations and atmospheric mixing ratios and the highesfesults do not consider a seasonally varying influence of ei-
available temporal resolution of the input parameters ovefther the water or the air concentration on the emission be-
the time period 1989-2011: 6-hourly meandbfSST, SLP ~ cause the (_:urr_ent sparse investigations do not allow a suitable
and monthly means for the SSS. The global emissions of evParameterization of the VSLS yet.

ery time step are averaged over each month and the average ] o

monthly emissions are summed to the annual climatologi-=-3 Short time variability of fluxes

cal emission. The climatologies thus include annual, seasonal

[

[mol (Br/l) month ']

5 Variability of the climatological sea-to-air fluxes

and short timescale temporal variability. In situ fluxes from a cruise (TransBrom) between Japan
and Australia in October 2009 are compared to the near-
5.1 Variability of the concentration data est grid points of our climatology (Fig. 9) as an example

for the influence of short time variability. The TransBrom
The calculated global°lx 1° maps of oceanic concentra- data include 105 CHBrand CHBr, measurements and
tions and atmospheric mixing ratios include in situ measure96 CHs;l measurements, and are included in the climatol-
ments from 1989 to 2011, illustrating a climatological year ogy. The cruise transited through different biogeochemical
and covering the entire globe. Seasonally changing condiregions with varying meteorological conditions influencing
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Fig. 9. The upper panels illustrate the comparison between our climatological estimate (black line) and the in situ sea-to-air fluxes from the
TransBrom cruise (red line) for bromofor¢a), dibromomethanéb) and methy! iodidgc) in pmol m~2h~1 (see more details in the text)
including the climatological minimum and maximum values (grey shaded area). The lower panels represent the same in situ measurements
compared to our model values using the nearest 6-hourly mean oftS&Td SLP and monthly mean of SSS with fixed mixing ratios and
oceanic concentrations calculated with the RF method for bromofdyndibromomethanée) and methyl iodid€f) (the emissions using

OLS look similar).

the strength of VSLS emissions (#ger and Quack, 2012). nearest data points (Fig. 9, upper panel) reveal how variable
The in situ and climatological sea-to-air fluxes for bro- the “modelled” fluxes can be at a single location. While most
moform and dibromomethane compare very well in thein situ fluxes are included in the 6 h minimum and maximum
Northern Hemisphere, where small concentration gradientsange from 1989 to 2011, it is also noteworthy that even with
are found in the open oceans. The enhanced emissions ithis high temporal (6 h) resolution of input parameters, the
the Southern Hemisphere encountered during the cruise arenodelled” fluxes can neither match the extreme values of
under-represented in the climatology. Comparison of thethe encountered in situ fluxes, nor do they resolve the high
methyl iodide in situ fluxes and the climatology shows a sim- variability of the in situ fluxes completely. An additional fac-
ilar trend, although the extreme values of the in situ mea-tor for the under-representation of the extreme in situ values
surements are highly under-represented in the climatologicais the mean concentration gradient (.1° resolution) in our
mean flux value. Our climatology underestimates the short‘model”. In the vicinity of source regions, e.g. coast lines, the
term measured fluxes by smoothing the values of the varyingvater concentrations can vary by more than 100 % over short
input parameters. The mean deviation between the climatoldistances (Butler et al., 2006), which strongly influences the
ogy and the in situ fluxes during October 20091420 % for  in situ fluxes and is likely not resolved in the model due to
CHBr3, ~20% for CHBr, and~ 176 % for CHl, respec-  poor data coverage.
tively.

We also calculate the sea-to-air fluxes using the nearest
temporal and spatial 6-hourly means (highest available reso6 Summary and conclusion
lution) of SST, SLP and/, the monthly mean of the SSS and
the climatological oceanic concentration and mixing ratios, Global sea-to-air flux climatologies (considering the time
and compare them to the measured fluxes (Fig. 9). The meagpan from 1989 to 2011 of the three important short-lived
deviation between the 6-hourly means and the in situ fluxe1alocarbons, bromoform, dibromomethane and methyl io-
for the three compounds is onty 48 % for CHBg, ~ 15 % dide) are calculated based on surface oceanic and atmo-
for CH,Br, and 51 % for CHI. These values show the good spheric measurements from the HalOcAt database. The phys-
match between “modelled” and in situ measurements andcal and biogeochemical factors of the compounds’ distribu-
validate the predictive capability of this approach. The cli- tions in ocean and atmosphere are also considered. Data are
matological minimum and maximum values of the cruise classified into coastal, shelf and open ocean regions, and are

interpolated on a“lx 1° grid. The missing grid values are
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filled with robust fit (RF) and ordinary least squares (OLS) (grant no. 226 224) and by the German Federal Ministry of
regression techniques based on the latitudinal and longitudiEducation and Research (BMBF) during the project SOPRAN
nal distribution of the compounds. The RF interpolation esti- (grant no: 03F0611A). SOLAS Integration (Surface Ocean Lower
mates background values, since it is weighted on the quantitgtmosloher? Study; http://www.bodc.ac.uk/solasitegration)

of measurements, whereas the OLS regressions include e 9'p8dt'r(‘15t_'gattﬁ_ tl‘ll)IS prcl)\JI(IeECégnSKngLBAeS” E‘”d lre(;[er I:rlss "‘;ere
treme data and therefore represent our highest values. Globg}'PPored In is by a o 5% nowledge ranster
emission fields are caIcuIatepd with a high temporal resolutiongrant (NE/EOO1696/1). Part of this project was supported by COST

£ 6-hourly wind d f q | éiuropean Cooperation in Science and Technology) Action 735, a
ot 6-hourly wind speed, sea suriace temperature and sea lev ropean Science Foundation-supported initiative. Additionally,
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Abstract. Methyl iodide (CHl) is a volatile organic halo- transforms into reactive iodine species and impacts the tropo-
gen compound that contributes significantly to the transportspheric chemistry, such as the oxidative capacity and ozone
of iodine from the ocean to the atmosphere, where it playsdepletion (e.gChameides and Davi&98Q Solomon et al.
an important role in tropospheric chemistry. gHs natu- 1994 Vogt et al, 1999. In coastal regions macro-algae were
rally produced and occurs in the global ocean. The processdsdentified as significant methyl iodide sources (evan-
involved in the formation of Chl, however, are not fully un-  ley and Dastogr1988 Nightingale et al. 1995 Carpenter
derstood. In fact, there is an ongoing debate whether pro2003, but they are not the major producers on the global
duction by phytoplankton or photochemical degradation ofscale due to their restricted distribution and small produc-
organic matter is the main source term. Here, both the biotion rates (e.gGiese et al. 1999 Wang et al. 2009. In
logical and photochemical production mechanisms are conthe open ocean, CGHl sources are unclear, and uncertain-
sidered in a biogeochemical module that is coupled to aties remain with regard to origin of the source as well as
one-dimensional water column model for the eastern tropi-production rates. Most studies suggested either a biological
cal Atlantic. The model is able to reproduce observed sub-or a photochemical production pathway. Laboratory experi-
surface maxima of Ckl concentrations. But, the dominat- ments in which filtered sea water was irradiated show pho-
ing source process cannot be clearly identified as subsurfadg®echemical production of CH in absence of living phyto-
maxima can occur due to both direct biological and photo-plankton cells that could account for at least 50% of ob-
chemical production. However, good agreement between theerved CHI emissions from the tropical AtlantidR{chter
observed and simulated difference between surface and suland Wallace2004). In addition, there is direct evidence for
surface methyl iodide concentrations is achieved only wherthe biological production pathway (e.yloore and Tokar-
direct biological production is taken into account. Productionczyk, 1993 Manley and De La Cuestd997); in partic-
rates for the biological Ckl source that were derived from ular the picocyanobacteri@rochlorococcusproduce CHI
published laboratory studies are shown to be inappropriatéBrownell et al, 2010. The CH;l production rates that have
for explaining CHl concentrations in the eastern tropical At- been independently derived for the same species by different
lantic. research groups, however, are several orders of magnitude
apart Smythe-Wright et aJ.2006 Brownell et al, 2010.
While it was unclear whether differences in experimental se-
tups in these laboratory studies can explain the discrepan-
1 Introduction cies, a recent work provides an alternative explanation. Ap-
parently, the production of methyl iodide is related to the
Methyl iodide (CHl) is one main carrier of iodine from  hegith of these unicellular organisms; enhanced production

the ocean to the atmospheteofelock et al, 1973. Upon rates by an order of magnitude have been recorded under
volatilization to the atmosphere it rapidly (within five days)
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stress conditiondHughes et a).2011). So far, oceanic Ckl Reimer 1996 Wetzel et al. 2006 llyina et al, 2013.
production has been quantified only in few modelling stud-HAMOCC is a marine carbon cycle model that includes a
ies. Based on a very limited data set, best agreement betweé¥PZD-type ecosystem model. The latter resolves exchange
observations and model results from a global atmospheriprocesses between several compartments: phytoplankton,
chemistry-transport modeBell et al, 2002 has been ob- zooplankton, sinking particulate organic carbon, a semi-
tained when considering only a photochemical source insteathbile dissolved organic carbon, and nutrients (iron, nitrate,
of biological production. However, it has been criticized that and phosphate).

the simulated photochemical source is too strong and the

parametrization possibly too crude to representiCpto-  2.1.1  Methyl iodide modelling

duction Moore 200§. Since then more data on GHn the o ) ]
environment have been collected and new insights inICH The methyl iodide module considers several source and sink

production published. The existing uncertainties show theProcesses of C#l and has been implemented into the bio-
need to readdress the origin of oceanicaCapplying recent ~ 9&0chemical modqjle HAMOCC. The methyl iodide concen-
process understandings. Here, we present results from mod&@tion (€ [mmolm™]) evolves over time following produc-
experiments in which both the biological and photochemicaltion (P), degradation), air-sea exchangej, as well as
production mechanisms are considered. We compare simdirbulent vertical diffusion4,-diffusion coefficient).

lated concentrations of GiHwith observations in sea water B 9 3¢

in order to assess distribution and strength of naturalCH — = P — S + Fajr—seat — <A >

y—
sources in the ocean. A methyl iodide source and sink mod—dt 9z 9z

ule is developed and coupled to a biogeochemical model agyyo production mechanisms are implemented: photochem-
well as to the water column model GOTM. This model sys- jca| production by radical recombination between methyl
tem is applied to simulate GiHconcentrations in the eastern groups and iodine atomsgnorg and direct biological pro-
tropical Atlantic. By comparing observed and simulated ver- §;ction by phytoplankton&ep). Photochemical production
tical profiles of methyl iodide, we aim at identifying possi- js parameterized using radiation (RAD) and a dissolved or-
b!e sources and sinks. Additionally, we WapF t'o quan'tify the ganic carbon concentration (DOC) (in kmol P#nas phos-
air—sea flux of CHl and determine the sensitivity of this ex-  hhorus is the model's internal “currency” of organic material.
change process towards different parameterization foflCH The model assumes a constant Redfield ratio ofd6 for
production. P:Cin DOC). Here, (RAD) triggers the formation of methyl
groups in the presence of organic matter and the produc-
tion of iodine atoms from the photolysis of organic iodide.
2 Material and methods The photochemical production of methyl iodide concentra-
tion over time is then parameterized as follows:

@)

2.1 Model description
Pphotoz kphoto' RAD - DOC, (2

The physical model used is the “General Ocean Turbu-
lence Model” (GOTM,Umlauf et al, 2005. GOTM is a  where kpnhoto is the photochemical production rate in
one-dimensional water column model that mimics a num-m?mmol CHsl (kmolP)~1W~1s~1. RAD represents either
ber of hydrodynamic and thermodynamic processes relatetlV light as parameterized in the photolysis (see below)
to vertical mixing in natural waters. It derives solutions for or the photosynthetically active radiation (PAR) given by
the one-dimensional versions of the transport equations c0HAMOCC. Both are implemented as there is no experimen-
momentum, salt, and heat, and includes well-tested turbutal evidence that Ckl production occurs preferentially un-
lence models. These models span the range from simple preler UV light (Richter and Wallace2004. The term DOC
scribed expressions for the turbulent diffusivities up to com-gathers a large variety of different substances with very dif-
plex Reynolds-stress models with several differential transferent properties of different origin as “dissolved” is an oper-
port equations to solve. We use a so-called two-equatiorational definition for material passing a 0.45 um filter. DOC
model in which the turbulent kinetic energy (TKE) and the can be directly produced in the ocean or originate from ter-
length scale of turbulence (l) are calculated from differen-rigenous decomposed plant material. Marine processes that
tial transport equations. They are described bi-atype  form DOC include mainly extracellular release by phyto-
equation for TKE and a dynamic dissipation rate model for plankton, grazer mediated release and excretion, release via
| (details inUmlauf et al, 2009. In line with Hense and cell lysis, solubilization of particles, and bacterial transfor-
Quack (2009 a minimum value of 10°m?s~2 for TKE is mation and releaseC@rlson 2002. Relevant for CHI pro-
prescribed to parameterize the effects of double diffusion induction are the DOC'’s photochemical properties, i.e. its abil-
the Cape Verde region. ity to release methyl radicals. Photochemical transformation

Phytoplankton dynamics are simulated using a singlethereby can change the bioavailability of DOC in both direc-
column implementation of HAMOCCS5.2S{(x and Maier-  tions —i.e. can make it more recalcitrant or more bioavailable

Biogeosciences, 10, 4214225 2013 www.biogeosciences.net/10/4211/2013/
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(Sulzberger and Durisch-Kais&009. To cover DOC pools  productionkpp:
of different lability two types of experiments with photo-
chemical production of Ckl are performed. In one group of kpp =
experiments the semi-labile DOC (SLDOC) pool of pure ma-

Methyl iodide production
Phytoplankton production

rine origin as provided by HAMOCC is used as a source for  _ ACHgl @
methyl groups. In the second group of experiments the DOC At-w-PHYp - e@ A,
concentration is set to a constant value of 40 umolC'kg The resultihng values for kpp are 012

This mimics an unlimited supply of DOC and enables us tommoICI—bl (kmol P)~1for Nitzschia sp. and
assess whether the spatio-temporal behaviour of DOC affect§48800 mmol CHl (kmol P)~1 for Prochlorococcus
CHzsl production in the model. In the following this produc- marinus using typical cellular carbon contents for both
tion pathway is referred to as photochemical production fromspecies Partensky et al.(1999: 50x 10-5gCcelr?
refractory DOC (RDOC) as a very long life time of DOC 5, Prochlorococcus marinys147x 10-12g Ccell! for
would lead to almost uniform distribution in the ocean. Nitzschiasp.; see alsblense and QuacR009 as well as the
Direct biological production of Chl by phytoplanktonis  ¢qnversion factors from weight to molar units and the molar
parameterized as follows: Redfield ratio (P:G=1:106). Under stress conditions the
. ratio between primary production and production of organic
Pep=kep- u(T. N, PAR) - PHY. 3 halogens significantly increaseslughes et a).2011). As
Here, PHY is the phytoplankton concentration in kmolPm  picocyanobacteria are very abundant in the oligotrophic
and (T, N, PAR) is the actual growth rate of phytoplank- ocean Partensky et al.1999, and a large fraction of cells
ton. The coefficient that specifies how much methyl io- IS in an unhealthy stateAgusti, 2009, we take nutrient
dide is produced during primary production is callesh limitation Nim as a simple proxy for picocyanobacteria and
ratio [mmol CHl (kmolP)~1]. This proportionality coeffi-  for stress conditions to identify possible unhealthy cell states
cient has been derived from two different laboratory studies:of phytoplankton:
Moore et al(1996 conducted incubation experiments with
the phytoplankton specidgitzschiasp. andSmythe-Wright  Njjm = ———,
et al. (2006 incubated the cyanobacteria spedfschloro- N+ kn
coccus marinusBoth measured an increase of methyl iodide where N is the nutrient concentration anky the half-

concentration during the exponential growth phase of phytosaturation constant for nutrients. When enhanced production
plankton. In order to determine this coefficient, first the max- ynder nutrient limitation is simulate@pp varies between a
imum specific growth rates in (d~*) of these two species minimum value under nutrient-rich conditionsi, =0.999

have been extracted from the exponential growth phase. Theand a maximum value under extremely oligotrophic condi-
observed change in cell abundance is a function of the actuaons (vji,=0.001):

(net) growth ratg:. Since the maximum specific growth rate

is required (see alsbdense and Quac¢k009, a respiration  kpp= a-exp(—bNjm).- 9)
rate of 1% d'! is assumed. _

Solving the ordinary differential equation for the experiment with

8)

explained above, In( :Ppmm)
b= PRmnax 10
d:ﬁ( — 1. PHY @) 0.001— 0.999 (10)
t
L and
and rearranging it to solve for
kPRax
= . 11
In (&%) ¢ = exp(=b-0.001) (11)
p=——" (5)
At This non-linear approach was chosen to test the sensitivity
the phytoplankton production withia7 is versus minimum and maximum valueskgb which can span
several orders of magnitude. A linear approach here would
Phytoplankton productios: o - PHYq - ¢/, (6) over-represent the high values.

) . CHal degradation includes nucleophilic substitution with
W|th_ PHYQ and PHY accounting for thg cell counts at the chloride Sci, hydrolysisShya, and photolysisSphot. Chloride
beginning and the end of the exponential growth phase;  gypstitution and hydrolysis are implemented as first-order

; e 1 .
is the time interval and = +0.01d™". Then the corre-  processes with temperature-dependent decay rates:
sponding change of methyl iodide concentratid@Hzl in

the same time intervahr is determined in order to calcu- Sc)=kc|(T) -ccl - ¢ (12)
late the ratio between methyl iodide production and primary

www.biogeosciences.net/10/4211/2013/ Biogeosciences, 10, 42PB-2013
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and

Shyd = knyd(T) - . (13)

I. Stemmler et al.: 1-D modelling of methyl iodide

Table 1. Parameter setup of the NPZD model, default HAMOCC
values (lyina et al, 2013 and new values after tuning to fit obser-
vations close to Cape Verde.

For chloride substitution a constant chloride ion sea water

concentration of:c; = 0.54 molL~1 was adopted, which is

a typical value when assuming a mean sea water salinity

S =35 and a chloride ion proportion of 55 % (following the
law of constant proportions aft@&ittmar, 1884). The reac-
tion rate was derived billiott and Rowland1993:
kg =A- exp(—?), (14)
with A =7.78x 10"Lmol~1s™, and B=13518K; T

is temperature in K. The reaction rates for hydrolysis
were determined byElliott and Rowland (1995 with
A=17x102s1 and B = 13300K. Photolysis is imple-
mented as proportional to UV attenuatian,(= 0.33nm1),
and irradiance (1) relative to its annual mekg:

I
Sphoto= kuv - T exp(—auvz). (15)

ref
The rate constanty, [s~1] is estimated from atmospheric
degradation rates:attigan et al.1997) because reaction ki-
netics of methyl iodide photolysis in sea water are unknown
In particular, the e-folding timeky,) ~1 is set to 10 days as-

Parameter Default value  New value
Phytoplankton mortality rate 0.1 0.3
(water columnjd—1]

Maximum grazing rate 1.0 0.7
(a1

Initial slope of the P-I curve 0.02 0.025
Half saturation constant for ~ .Ax 1078  4.0x 108

nutrient uptakékmol P 3]

2.2 Model setup

In order to receive a realistic simulation for a given oceanic
region the model has to be configured for the conditions
in a specific region. In this study, GOTM is configured for
the Cape Verde region in the eastern tropical North Atlantic
Ocean (latitude: 16N, longitude: 24 W), like in Hense and
Quack(2009. The physical model covers the upper 700m

of the ocean and has a vertical resolution of 2m. The lower

boundary of the model is set at this depth because here the

suming photo-dissociation of methyl iodide in water occurs nutrient maximum occurs and all diffusive fluxes vanish. A
at 50 % of the respective atmospheric rate. This approach wavo-equation ke model with an algebraic second momen-

adopted fronCarpenter and Lis2000, who estimate kinet-
ics of bromoform photolysis in water in a similar manner.

Gas exchange is calculated from the two-film model as-

tum closure is used, which is similar YWeber et al(2007).
For numerical integration a so-called quasi-implicit numeri-
cal scheme for the turbulence model with atime stepof 1 his

suming methyl iodide gas exchange is controlled by the wa-Used. The coupled physical-biogeochemical model is forced
ter side due to its low water solubility. Hence, the flux is cal- Py climatological monthly mean data of 2 m atmospheric air
culated from a time-invariant field of atmospheric concentra-temperature, air pressure, dew point temperature, 10 m zonal
tions, solubility (Henry’s law constant), bulk surface water and meridional wind velocities, cloud cover, and precipita-
concentrations, the Schmidt number, and a transfer velocity.ion based on the 40yr ECMWF Re-analysis (ERA40) data

Ca
Fair—sea= kw - (C -7

i)

The transfer velocity,, depends on wind speed and is cal-
culated according tbdlightingale et al(2000:

(16)

1
S -2
fw = (%) (626x 107 sm uso? +9.25x 10 Tuso) . (17)

(Uppala et al. 2005. The variables for water temperature
and salinity are initialized with climatological profiles from
the World Ocean Atlas (WOAOQO1)Jonkright et al. 2002.
The NPZD model parameters were tuned to closer match
conditions at Cape Verde (see Appendix and Tabple

For the calculation of the air—sea gas exchange a constant
methyl iodide air concentration of B3 x 10-8mmolm 3 is

with u10 denoting the wind speed at 10 m above the sea surassumed which corresponds to 1.5 ppt afQGand is the

face, and Sgn,; the Schmidt number for methyl iodide. The

mean of observed base-level air concentrations of methyl

Schmidt number has been estimated from that of methyl broiodide at Cape Verde during May and June 2007Bfien
mide and the ratio of their molar volumes, as it has been donet al, 2009. To account for lateral entry of higher-saline wa-

previously (e.gMoore and Groszkd 999:
629
529
with T temperature ifiC (5—-30°C). The temperature de-

pendence of the solubility was determined Myore et al.
(1995:

0.6
Scery = ( ) : (2004— 935°C™1. T +1.39°C 2 ~T2>, (18)

4338K

H =exp(13.32— — ) (19)

with T temperature in K.

Biogeosciences, 10, 4214225 2013

ter, which is characteristic for the Cape Verde region, salin-
ity and temperature values are restored towards climatologi-
cal monthly means of WOCE (World Ocean Circulation Ex-
periment; Global Data Resource) with a five day time scale,
except for the upper 20m of the water column. The dis-
solved inorganic nitrogen concentration is restored at the nu-
trient maximum to the observed value of 35.7 mmolNin

and dissolved inorganic phosphate to an observed value of
2.23 mmol P m3 with a time scale of one hour.

www.biogeosciences.net/10/4211/2013/
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2.3 Observations Table 2. CHzl model parameter configurations of the different ex-
periments. The unit ofpp is [mmol CHgl (kmolP)~1], the one of

To evaluate the simulated GHconcentrations, model results  photois [m?mmol CHgl (kmolP)~1w—1s71].

are compared to observations from a ship cruise in the tropi-

cal northeast Atlantic close to Cape Verde —i.e. the Poseidon Experiment  kpp,,  kPRjax kphoto kphoto
cruise P399/2 in April-June 201®Bénge 201]) (see Ap- ID (SLDOC) (RDOC)
pendix A). Methyl iodide profiles have been obtained from g4 0.12 _ _ _
three stations, one of which is located in an upwelling region g2 1488.00 - _ _
and is therefore not further considered (since a 1-D water col- E3 0.12 1488.00 - -
umn model cannot simulate upwelling conditions). The other Optl 56.00 - - -
two stations are located at 1718 24.3 W (St. 307 — in the Opt2 - - 131x 107° -
following called CVOO, which stands for Cape Verde Ocean Opt3 - - - 391x 1077
Observatory), and P& 21° W (St. 308). Optd 0.14  1204.80 - . o
Opt123 0.05 - B0Ox 10~ 1.26x 10~

Dissolved CHI was measured in sea water sampled in
500mL amber glass bottles from 10 different depths at
CVOO and station 308. These samples were taken from 10 L
Niskin bottles that were installed on a 12-bottle rosette withtochemical production pathways (from SLDOC or RDOC)
a CTD (conductivity temperature depth). A purge and trapare unknown, they are derived from a parameter optimiza-
system attached to a gas chromatograph with mass spectrorfion. Thereby the parameter (set) that leads to the minimum
eter (GC-MS) and detection in single ion mode were used td00t mean square deviation (RMSD),
analyse the samples. Eighty millilitres of the sampled water I 5
was heated up to AL while being purged with a stream RMSD = 0~5\/m Zdepth(mdepth— Odepth)
of helium at 30mLmin?! in a glass chamber. Volatilized
trace gases were trapped on glass beads140°C and 0.5 (mas(m) —max(o))?. (20)
were desorbed onto a deactivated capillary in liquid nitro- between modelled#) and observedd (see Sect2.3) pro-
gen as second trap at 190 after one hour of purging. The files and maxima is found using a gradient descent search.
trace gases were injected into the GC-MS after three min-The step length, i.e. the incremental parameter change, is
utes. Volumetrically prepared standards in methanol wereset to 10 % of the most successful parameter value of the
used for quantification. Precision of the measurements is eprevious iteration. Optimizing for both the overall RMSD
timated to be 16 %, determined from duplicates with a de-and the deviation from the maximum ensures that when
tection limit of 0.05 pmolL? for CHsl. Besides methyl io-  a subsurface maximum is simulated it will be of similar
dide concentrations, phytoplankton pigments, temperaturestrength as in the observations, even when predicted at a dif-
and salinity profiles are available for the three stations. Phyferent depth. Assuming that differences between CVOO and
toplankton pigments, i.e. total chlorophgiconcentrations,  St. 308 are minor, no individual optimization for St. 308 was
were converted into phytoplankton biomass by using a depthperformed. The experiments Opt1-Opt4 include only one
dependent C: Chl ratio and assuming a P: C ratiodfd6.  source process and the production rates are chosen by a pa-
The C:Chl ratio was calculated as describedHense and  rameter optimization. In the following, 1 denotes “normal”
Beckmann(2008 using modelled radiation profiles as irra- (not stressed) production by phytoplankton, 2 photochem-
diation was not measured. Calculated surface C: Chl ratioscal production through semi-labile DOC (SLDOC) degra-
are much higher=100 gg?) than subsurface (minimum dation, 3 photochemical production through refractory DOC

25gg!) ratios (not shown). (RDOC) degradation, and 4 biological production with a
variable production rate (i.e. with consideration of stress),
2.4 Model experiments where the lower and upper bounds are optimized. In the

experiments Opt2 and Opt3, GHproduction mechanisms
GOTM s run in several experiments including different com- through both UV and PAR were tested. In the experiment
binations of the CHI production processes (listed in Ta- Opt123, three production processes are considered (i.e. bio-
ble 2). In the experiments E1 and E2 only direct production |ogical and photochemical production from semi-labile and
via phytoplankton growth is implemented and the productionrefractory DOC), and the respective rates are derived from
rates derived from laboratory studies leypore et al.(1999 a parameter optimization with three simultaneously varying
(E1) andSmythe-Wright et al(2009 (E2) are tested. In ex- parameters.
periment E3 the production rates Boore et al.(1996 and
Smythe-Wright et al(2006 are used as the lowekep,;,)
and upper£pp,,,) boundaries of the variable biological pro-
duction rate that mimics production by phytoplankton with
consideration of stress. As the production rates for the pho-

www.biogeosciences.net/10/4211/2013/ Biogeosciences, 10, 42PB-2013
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Fig. 1. Methyl iodide concentrations [pmoft}], production [pmoll=1h~1], degradation [pmoltlh—1], and gas exchange
[pmolm*2 h—1] for the experiments Opt1 (column A), Opt2 (column B), Opt3 (column C), and Opt4 (column D).

3 Results and never takes place below the mixed layer. This inhibits the
evolution of a subsurface maximum, and concentration max-
3.1 Seasonal cycle of Ckl concentrations ima are always located in the mixed layer (not shown). Since

subsurface maxima are observed, photochemical production
. . . . . by UV light seems unrealistic.
In the experiments that include only biological production of The experiments Opt2 and Opt3 show only minor differ-

t(\:NH3I ((ggtl, 518 0E2)amatv;|n_1um phroductrl]on tetkeitplace bet- ences, despite the different DOC pools considered as sources
een 50 an m depth, 1.e. where phytoplankton grow hfor available methyl groups. This is because the semi-labile

IS 'afgeSt (E'gl';a)' Conseqtl;]ently, a Stffh”g.@rfs utbSurfacet DOC in HAMOCC shows a surface maximum throughout
maximurm bullds up over the year, with nignest concentra-y,, . year. Hence, the vertical distribution of glHbroduction

tions in the summer season (May—September). In Opt2 an . o ; i )
Opt3, photochemical production was modelled using either, both experiments is limited by light absorption leading to

) similar seasonal patterns.
Pﬁ‘R or UVbOf fthese expenments Onli/ t?]ose th?_t usi PAR In Opt4, when biological production is simulated and cal-
S c(;w asu S;Jrﬂ?ce QiHm_aX|mum I(tr']o ? own)h toc‘z lon afulated from different production rates in oligotrophic wa-
and cause of these maxima resulting 'rom photochemicay, - .,y the residual water column, the distribution ofsCH
production are different from the experiments with biolog-

; . . . differs very much from that of “normal” biological produc-
ical productlon. Ir_respecnve of the _Iab|I|ty of th_e DOC pool tion in e.g. Optl (Figld). Concentration maxima occur from
considered, maximum G production occurs in the sun-

lit surf | Fiale. d). Th duction is st . May to September and stretch within the upper 40 m of the
It surtace fayers (.'g c, d). The pro uction 1S Sronger i\ ater column. Production is highest at the surface because
summer than in winter months, following the seasonal cy-

) . ) ) o 2o 2P nutrient scarcity (caused by strong stratification of the wa-
cle of insolation. During times of deep mixing, i.e. in win- Y ( y 9

ter months, the Chl concentration is homogenous over the ter) leads to a high C#l production: PP ratidep (Fig. 2).

50m. When th ed | hall t the surfacekpp is 4—6 times higher than in Optl and is
:Elgztrjrfacr:'max%]umeercgl(\?es av)\//(re\irc?] ii g‘r’lf’siugg;o;?;i ore than 100 times lower than in Optl subsurface where
. ' . ‘maximum primary production occurs (Figg). The distribu-
proximately 50 m depth, but later follows the mixed layer XIMUM primary procuct urs (Figa) IStriod

. . tion of CHsl in Opt123 is almost identical to Opt2 and Opt3
shallowing up to approximately 30 m depth. In the lJppermOStbecausa!q:p is even smaller than in the experiment with the

model levels the domlnant_smk processes forgChte UV low biological production rate derived from laboratory ex-
decay and gas exchange with the atmosphere. The SUbsurfaﬁgriments (E1, Tablg)

maximum is not a result of a particularly strong local produc-
tion (production always exceeds decay) but is caused by the

stratification that shields the freshly produced{Cflom gas 3.2 Evaluation of simulated CHsl concentrations
exchange. When photochemical production is parameterized

using light that is efficiently absorbed in the surface layersin the experiments E1 and E2 — i.e. when considering only
(i.e. UV light identical to the parameterization of photoly- biological production using the rates derived from labora-
sis) CHsl production is restricted to the upper model levels tory studies (Tabl®) — different concentration distributions

Biogeosciences, 10, 4214225 2013 www.biogeosciences.net/10/4211/2013/
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Fig. 2. Ratio between methyl iodide and primary production fatgin Opt4 @, grey shaded area, [mmol GH(kmol P)~1)), its relation
kPPOpt4

to kppin Optl (i.e.kPPO
ptl

) (a, contour lines), and the nutrient limitation fact®fy, (b).

evolve resulting from the balance between production, degraTherefore, the methyl iodide concentration evolves similarly
dation and gas exchange with the atmosphere. In both expeto Opt2 and Opt3 (Figlb, c).
iments CHI production is tied to primary production, that  Results of the experiments using optimized parameter val-
has its maximum subsurface. Nevertheless, as a result of aes compared to observations are depicted in a Taylor dia-
low kpp, production and therefore surface concentration aregram (Fig.3). This shows the RMSD (EQ0) normalized
much too low in E1. This leads to an undersaturation of theto the observed mean concentration at CVOO and St. 308
ocean and a net influx of GdHfrom the atmosphere through- (Fig. 3), the standard deviation across the profile normalized
out the year. In contrast, in E2 a pronounced subsurface maxo the profiles’ mean concentration, and the correlation co-
imum of CHsl develops that is too high. The observed max- efficient between modelled and observed profile. Of course,
imum and mean concentrations are 5.66, 1.49 pmblat correlation and standard deviation are weak measures for
CVOO; and 3.34, 0.66 pmolt! at St. 308 (Table8). The  the match between model and observations here due to the
model in turn predicts for the respective month maximum low data resolution. Nevertheless, they can give a hint on
and mean concentrations 0of 0.11, 0.02 pmolin E1; 173.2,  the similarity of the shapes of modelled and observed pro-
60.67 pmolL=1 in E2 for CVOO; 0.14, 0.004 pmolt! in files. Unfortunately, the temporal evolution of gHoncen-
El; and 187.65, 70.43pmottl in E2 for St. 308. Only tration cannot be evaluated at all because there are no long-
the surface value of E1 matches the observations at St. 30&rm CH;l data that would allow for assessing the seasonal
within a factor of 2. But, this apparent match is insignificant cycle in the eastern tropical Atlantic. Observed methyl io-
considering the large discrepancy (between observations andide concentrations show a subsurface maximum at around
E1 model results) in subsurface concentrations. Thus, in botd0-50 m at both stations (Fig). Due to the parameter op-
experiments unrealistic concentrations of{LHccur. Mean  timization, all of the experiments simulate glrtoncentra-
and maximum values in the third experiment E3, which al-tions that are close to the observed maximum and mean val-
lows for a variable biological Ckl production rate using ues at CVOO, and match observed profiles much better than
the parameters from laboratory studies as lower and uppeEl1-3 (see Tabl8). At CVOO the maximum concentration
bounds, match observed mean and maximum values muchnd concentrations below the maximum are well represented
better (i.e. within a factor of 2) than the ones of E1 and E2.in almost all experiments, except Opt4 (F4. In the Tay-
But, the vertical profile differs from the observed one: the lor diagram, Opt2, Opt3, and Opt123 are clustered closely
strong production at the surface leads to concentrations thadt approximately the same distance from the observations as
are much too high (100 times compared to CVOO, 6-fold their profiles are very much alike (Fid). According to the
compared to St. 308; see Talde Taylor diagram (Fig3a), Opt1 is closest to the observations
Next, the model runs with parameter optimization for as itis the only experiment that reproduces the observed ver-
“normal” biological production, photochemical production tical gradient with low surface and higher subsurface con-
(from RDOC and SLDOC), biological production with a centrations. This translates into a higher correlation coeffi-
variable kpp, and combined biological and photochemical cient and a lower RMSD. Surface concentrations of the ex-
production were performed. For the experiment with mixed periments that are dominated by photochemical production
sources (Opt123) the optimization results in a very low bi- (Opt2, Opt3, Opt123) are too high compared to observations
ological production ratepp (Table 2), and consequently (Fig.4, Table3). For Opt4, the optimization converged to val-
in a dominance of the photochemical production pathwaysues that are not very different from the values at E3 (Table
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Table 3. Observed and modelled concentrations at the surface, concentration minima, and maxima—ﬁ}nmtjdelled values are means
of the respective months at the depth of the observations.

Experiment ID

Maximum

CvOO St . 308

Mean

CVOO  st. 308

Surface

CvOO St . 308

El 0.11 0.14 0.02 0.004 0.11 0.14
E2 173.20 187.65 60.67 70.43 28.64 38.16
E3 6.24 5.67 1.23 1.57 6.24 5.55
Optl 6.52 7.08 2.30 2.68 1.18 1.57
Opt2 5.60 5.04 2.00 2.31 4.66 4.65
Opt3 5.36 4.98 2.14 2.46 4,52 4.37
Opt4 5.34 4.94 1.08 1.39 5.34 4.83
Opt123 5.07 4.62 1.89 2.18 4.24 4.19
Observation 5.66 3.34 1.49 0.66 0.06 0.9
b.
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Fig. 3. Taylor diagrams for the different experiments showing the RMSD between modelled and observed profiles normalized with the
observed mean concentration (blue circles), standard deviations of the individual profiles normalized with the one of the observations (black
circles, ticks on the y-axis), and the linear correlation coefficient between model results and observations (angle between y- and x-axis). Note
that all statistical parameters are derived from the vertical profiles, not from a time series. Observations are frof@CW@Gt. 308b).

and the representation of methyl iodide in that model exper-3.3 Emissions

iment also did not improve much over the ones in E3. Com-

pared to CVOO, most simulated vertical profiles show a too ] . o .

shallow maximum, with too low values below and too high In all experiments with optimized production rates the ocean

surface values. Observations at St. 308 are generally worsgCts as a source of GHto the atmosphere. Flux maxima

represented by this model setup than observations at CVOJOr most experiments but Opt1 occur in spring (March-May,

A further parameter optimization would bring simulated con- Fi9- 5) due to high surface ocean concentrations during these

centrations closer to observed ones, but would not bring anyimes- In Opt1 highest emissions occur in winter (December,

further insights into CHI production. Also here (at St. 308) January, February), when both gl-production at the sur-

it is apparent that the experiment with gHproduction by  face (Fig.1a) and wind speed (Fig) are high. The fluxes are

phytoplankton (Optl) is the only one that can reproduce theof Slml|-al’ order of magnitude for all expgnment; (maxma at

sharp subsurface gradient of the observations when all oth@PProximately 500 pmolmh™t). The primary driver of di-

ers show rather high surface concentrations compared to thgction and annual cycle of gas exchange is the concentration

subsurface maximum (Fig, Table3). of CHzl in the surface layer of the model. Hence, the ultimate
reason for the difference among the experiments is that bio-
logical production is at its maximum in the ocean interior (at
ca. 60m) in summer, and at the surface in winter, whereas
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Fig. 4. Methyl iodide concentration profiles [pmoti!] from stations CVOO and St. 308 in the Cape Verde region. Observed data were
collected during Poseidon cruise P399/2 in 2010. For the CVOO station only data from the upper 350 m of the water column are shown.
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Fig. 5. Methyl iodide sea-air flux [pmolmzh_l], wind speed [m§1], sea surface temperaturgd], CHgl water and air concentration
equilibriumey — $2, [pmol L~1], and gas transfer velocity [cnTH].

photochemical production is highest in the sun-lit surfacethe fluxes, which is characterized by an abrupt (non-smooth)
layers during spring and summer. When production is lim-transition from one month to the other (Fi). Within indi-

ited to photochemical production, the seasonal cycle of thevidual months, temperature, which determines the solubility,
gas exchange is less pronounced (B)gThis is because the and surface concentration control the deviation from equilib-
temporal evolution of production is controlled by radiation, rium between atmosphere and ocean, and hence the evolution
and hence strongest in summer, when low wind speeds leadf sea—air fluxes.

to a lower transfer velocity. Other than by production and as-

sociated surface concentrations, the evolution of the fluxes is

determined by wind speed and sea surface temperature. The

low temporal resolution of wind speed (monthly means) via

the transfer velocity shapes the month-to-month variation of
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4 Discussion coccusis assumed to be the main producer of methyl io-
dide an explicit description of this phytoplankton group in
The profiles of temperature, salinity, phytoplankton, and nu-the model might improve the overall representation of phyto-
trients at CVOO and St. 308 during P399/2 are similar to ob-plankton biomass and methyl iodide concentration. Yet, dif-
servations in Meteorcruise M5%\allace and Bange004 ferent ecotypes dProchlorococcuxist (e.g.Johnson et a.
and the World Ocean AtlasCpnkright et al. 20029; hence 2006 and we cannot exclude that depth-dependent niche
the observed profiles at these stations do not represent urseparation might also affect methyl iodide production and
usual environmental conditions. Therefore our results can beertical distribution patterns of Gl concentrations. How-
transferred to areas of the eastern tropical Atlantic where adever, since our simulated subsurfacefCébncentrations are

vection plays a minor role. in the same order of magnitude compared to observations
(see Appendix A), we refrain from adding more complexity
4.1 CHzsl production by phytoplankton to the model system.

Another aspect in the evaluation of the simulated biologi-

Modelling CHsl distributions at CVOO and St. 308 using cally produced CHl profile is the vertical distribution. In the
biological production rates derived from laboratory experi- experiments that include biological production of gHs-
ments (E1, E2) was not successful. The production rate asg a constant production ratio, the depth of the maximum of
suggested byMoore et al. (1996 appears to be too low primary production determines the depth of the maximum of
to reproduce observed GHconcentrations, whereas the CHzl concentrations. As presented in Appendix A, the mod-
production rate suggested I8mythe-Wright et al(2006 elled phytoplankton concentration was compared to observed
seems to be too high. This does not imply that direct bi-chlorophyll a data. Both show a subsurface maximum and
ological production of methyl iodide is unlikely. The pa- are in the same order of magnitude. The exact location of
rameter optimization for the cases where only biologicalthe biomass maximum during the cruise, however, cannot be
production was included (Optl) resulted in lowest RMSD unambiguously assessed as the phytoplankton concentration
values for a production rate in the order of magnitude ofin model units has to be diagnosed from an empirically de-
10-%mmol CHsl (kmolP)~1, and the overall shape of the rived depth-dependent relationship between chlorophyll and
vertical profiles was best reproducddughes et al(2011]) carbon. There is no doubt that the C: Chl ratio varies with
suggested that the large discrepancies between the produdepth (with higher values at the surface than subsurface), but
tion rates from laboratory studies result from the different there is no mechanistic understanding about the co-variation
health conditions of the phytoplankton cells. As in nature theof carbon and chlorophyll with depth. Therefore, a match or
phytoplankton population can consist of mixed healthy andmismatch of the exact location of the g@Hnaximum is not
stressed cellsAgusti, 2004), it is not unrealistic to expect a good indicator for the model performance here.
a bulk CHsl production rate in between the two discussed.
Here, we tested if enhanced production under oligotrophic4.2 Photochemical production of CHl
conditions would result in a better representation ofsCH
profiles close to Cape Verde. But, even after optimization ofThe experiments that are dominated by photochemical pro-
the parameter setup this experiment did not reproduce obduction are very successful in representing the subsurface
served concentrations satisfactorily. CHgsl concentrations (below the maximum), and only the

The preliminary analysis of pigment measurements in thesurface value is not represented by the model (Bjg.n
cruise report Bange 201]) indicates a high abundance of particular, the concentrations at CVOO are well reflected by
diatoms during P399/2, but also suggests the presence dhe model. But, simulated methyl iodide concentrations were
Prochlorococcusthe plankton species that was shown to en-found to be sensitive to the absorption properties of light.
hance CHI release during stress. Unfortunately, nothing is A subsurface maximum is only simulated during times of a
known about the cell physiological state of phytoplankton shallow mixed layer and when using light that is penetrating
during the cruise. Hence, either nutrient scarcity is not a goodleep enough to allow for production below the mixed layer.
proxy for stressed phytoplankton cells that produce moreUV light gets absorbed readily in the water column, whereas
CHal than healthy ones and the chosen parameterisation ofther wavelengths show significant intensities down to ap-
that factor is inadequate, or enhanced production by stressgafroximately 100 m (e.g. PAR). Thus far, the photochemical
cells is not relevant at these two stations. Since for both staproduction pathway has not yet been fully understadng
tions the same physical setup of GOTM is used, particular-et al. (2009 found positive correlations of G4l concentra-
ities of the two stations are not reflected by the model, e.gtions with both PAR and UV light at 325 nnioore and
if enhanced production by stressed picocyanobacteria woul@afiriou (1994 detected methyl iodide production in labo-
be more likely for St. 308 than for CVOO. In addition, the ratory studies when using light with a spectral distribution
ecosystem model used is rather simple, and biological pro€lose to sunlight over the wavelength 280-1100 Richter
duction of methyl iodide is described to be coupled to pri- and Wallacg2004 tested CHI production under different
mary production of the bulk phytoplankton. Sirféechloro- light conditions to study the qualitative effect of UV light
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on production. They did not discover any significant differ- high CHsl concentrations in water. Concentrations measured
ences in CHI production between the experiment with the during P399/2 and our simulations show much lower values.
full spectrum of light compared to the ones with reduced The concentration anomaly between water and air of approx-
UV light. Photochemistry potentially impacts this produc- imately 5-10 pmol £ modelled here is closer to what was
tion pathway twofold: on the one hand, the iodine atoms mayestimated byHappell and Wallac€1996, Richter and Wal-
originate from reaction of iodide with photochemically pro- lace(2004), or Chuck et al(2005. Clearly, as model results
duced oxidants or photolysis of organic iodides, and on thewere optimized for certain sea water concentrations, a direct
other hand, the methyl radicals may originate from photoly-comparison to other measured data is only possible when
sis of humic materialNloore and Zafiriou1994. As photo-  these coincide with the ones at P399Chuck et al (2005,
chemical production of e.g. OHfrom CDOM is more effi-  for example, measured surface water concentration of ap-
cient for UV light (e.g Loiselle et al, 2012 one could specu-  proximately 5pmol? off Africa at 15-20 N, which is

late about more significant differences in gkdroduction if much higher than concentrations measured during P399/2.
the impact of light would be studied for various water depths. Thus, the variability of methyl iodide concentrations both in
But for now, there is no experimental evidence thagQbto- surface ocean and lower atmosphere concentrations is not in-
duction occurs preferentially under UV light. The sensitivity significant.

of the model results to the absorption characteristics suggest Generally, the strength of modelled sea—air fluxes does not
that further studies on the wavelength dependency ofICH vary much among the experiments, but its seasonal cycle

production would be valuable. does. Even though the large differences in intensity of gas
exchange for experiments that include different dominating

4.3 Mixed biological and photochemical CHI sources source processes seems to be an inherent feature of produc-
tion, the sea—air flux cannot be used to argue for a certain

Similar to the experiments with photochemical §Hbro- source type. This is because in the model sea—air exchange is

duction, the mixed-source experiment, Opt123, shows high-only diagnosed from a constant atmospheric concentration.
est discrepancies between modelled and observed conceblsing a model that includes the full cycling of GHn both
trations at the surface. As the optimization is set up to findatmosphere and ocean would account for the variability of at-
the minimum RMSD for both maximum and mean along the mospheric CHI concentrations. But, the simulated seasonal
profile, the discrepancy in the surface value is not weightedcycle is not expected to change much when a model of at-
strongly enough to force the mixed-source parameter optiimospheric CHI cycling is added. This is because the satura-
mization towards a biological production. Hence, one can-tion anomaly is mostly influenced by the oceanic values, due
not conclude from the mere fact that the optimization sup-to the strong oversaturation of the ocean. Strong oversatura-
pressed biological production that photochemical productiortion has been found previously for both early summer month
is the main source process of glthere. As in oligotrophic  (May/JuneO’Brien et al, 2009 Fuhlbrigge et al.2012and
waters, deep phytoplankton maxima regularly occur highedate fall (October/NovembeButler et al, 2007). Further-
biologically mediated methyl iodide production at depth can more, the measured mixing ratios both in May/June and Oc-
hence not be excludeB8mythe-Wright et al(2006 detected tober/November over the open ocean close to Cape Verde
enhanced subsurface ghHoncentrations wherBrochloro-  were in the range of 1-2 ppB(tler et al, 2007 O’Brien
coccusnere largely abundant. They found much highersCH et al, 2009 Fuhlbiiigge et al.2012. Hence, the expected
concentrations during their cruise at Cape Verde comparedeasonal variability of atmospheric concentrations will be
to P399/2, although both cruises were conducted in the sameuch lower than the one of sea water concentrations (which
season. In additiorSmythe-Wright et al(2006 found el-  show a factor of 6 between low summer and high winter val-
evated surface concentrations as well as associated high ates in the simulations). Here, monthly means were used to
mospheric levels. Thus, the variability might not be insignif- force the model at the atmospheric boundary (2 m tempera-

icant. ture, wind speed, etc.). Usage of e.g. daily mean data would
introduce higher temporal variability to the fluxes, but would
4.4 Gas exchange with the atmosphere not change the seasonal cycle, the magnitude of the mean

fluxes or generate additional differences amongst the experi-
Gas exchange with the atmosphere depends on the devianents.
tions from equilibrium of marine and atmospheric methyl  High concentrations of methyl iodide in the surface ocean
iodide concentrations, as well as on the wind-speed deperand lower atmosphere that have been observed occasionally
dent transfer velocity. Saturation anomalies can be evaluateth this region might also be the result of horizontal advection.
since they are derived frequently during ship cruises when atSince we use a one-dimensional water column model, this
mospheric and oceanic GHconcentrations are measured si- non-local source cannot be represented by our model system.
multaneouslySmythe-Wright et al(2006 diagnose concen- As a next step, we therefore aim to couple the biogeochem-
tration anomalies of 40 pmoft! in May from data collected ical module to a three-dimensional global ocean circulation
in the eastern Atlantic close to 2N, resulting from very  model to account for horizontal and vertical advection.
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5 Conclusions cvoo b, 51308

The coupled biogeochemical-water column model that in-
cludes a methyl iodide compartment is able to reproduce ob
served subsurface maxima of glldoncentrations. However, -400 -400
our model results are not unequivocal. Subsurface maximi
can occur due to direct biological and photochemical produc-

tion. But, for the photochemical production pathway subsur- % % 2o s %8 & S B ey e
face maxima strongly depend on the chosen light properties " Pa%9 * WOR " Model

Subsurface maxima can occur only if significant production & ¢

occurs also below the mixed layer. This is not the case whet
only UV light is considered in the production mechanism.
However, the gradient, i.e. the difference between surface -0 -400
and subsuface methyl iodide concentration, is best repro
duced if direct biological production is taken into account.
Although enhanced methyl iodide production is observed un- 5 O emporatare [ Cr e L T T
der stress conditions of picocyanobacteria, the parameteriza-

tion of this process has not led to a model improvement atFig. Al. Salinity [psu](a, b) and temperature’] (c, d) profiles
this particular site. in April (a, c)and Jundgb, d), model predictions (solid lines) and

Overall, we conclude that the rates obtained from the lab-observations (red markers P399/2 cruise data, blue markers WOA

-200| -200|

-600| -600|

-200| -200|

-600, -600,

oratory experiments fronvMoore et al.(1996 are too low data).
to explain the CHI concentration in the tropical northeast
Atlantic. In contrast, the Ckl production rates in this re-
gion cannot be as high as proposeddmythe-Wright et al.  * eveo > S0
(2006 at least not over longer times. The comparison of hor-
izontal distribution patterns between simulated and observe: -1 -100p
CHal concentrations may provide further insights into the 20 20
source of CHI.

-300, -300
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Appendix A Phytoplankton [ng Chla L™ Phy [ng Chla L]
v P399 ¢+ WOA —Model new - Model default

C.
Evaluation of the physical and biological state of model b e, ¢ e g

2 AN -200
For all simulations the model was restored towards salinity ” N \
and temperature profiles from the tropical northeast Atlantic -4 \ -400
(see Sect2.4). But, this does not guarantee that the simu-
lated ocean state is representing conditions during the Pose ** b

0 10 20 30 40

don cruise (P399/2), in particular as those might be differ- ° o = = 3 © Nitrate [ mol N L]
ent for the two stations (CVOO, St. 308). Therefore, sim-
ulated temperature, salinity, and phytoplankton profiles inFig. A2. Phytoplanktor(a, b) and ﬂUtfliem(C. d) concentrations in
April and June are compared to observations taken during\Pril (&, c)and Jungb, d) [ngChlaL. "] — model-predicted (black
P399/2. At the CVOO station and at St. 308 temperature angolid lines new and dashed lines default parameter setup) and ob-
salinity profiles are similar to the observed ones (Figa served (red markers) profiles. Observations were taken from the Po-
b). The greatest mismatch occurs in the surface layer \'Nheréeidon cruise P399/2 in 2010. Simulated phytoplankton concentra-
’ ' ions have been converted to chlorophyll using a vertically depen-

no restor.lng takes place. There, salinity ar,]d temperature a8ent C : Chl ratio (e.g. Hense and Beckmann, 2008) and the Redfield
strongly influenced by vertical exchange via turbulence, sur+a+iq for conversion from carbon to phosphorus.

face fluxes (momentum, heat, radiation), which are a func-

tion of the forcing used. The forcing taken from climatolog-

ical mean data cannot fully represent local conditions dur-

ing the cruise. But, the use of other data sets and forcingage of the measured profiles would improve model results,
fields (e.g. 2010 data of the NCEP global ocean data asbut would introduce inconsistencies as in situ data would be
similation system (GODAS)http://www.esrl.noaa.gov/psd/ treated as monthly means, and these data would have to be
data/gridded/data.godas.htBehringer and Xug2004 has  combined with other data as only observations for a limited
not improved the representation of observed profiles. Ustime period in spring and summer are available. Modelled
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Abstract. We investigate the contribution of oceanic methyl aircraft campaigns. In the eastern Pacific region, the loca-
iodide (CHgl) to the stratospheric iodine budget. Based ontion of the available measurement campaigns in the upper
CHsl measurements from three tropical ship campaigns and' TL, the comparisons give a good agreement, indicating that
the Lagrangian transport model FLEXPART, we provide aaround 0.01 to 0.02 ppt of CdHienter the stratosphere. How-
detailed analysis of Cfl transport from the ocean surface to ever, other tropical regions that are subject to stronger con-
the cold point in the upper tropical tropopause layer (TTL). vective activity show larger CHl entrainment, e.g., 0.08 ppt
While average oceanic emissions differ by less than 50 %in the western Pacific. Overall our model results give a trop-
from campaign to campaign, the measurements show mucltal contribution of 0.04 ppt Ckl to the stratospheric iodine
stronger variations within each campaign. A positive correla-budget. The strong variations in the geographical distribution
tion between the oceanic GHemissions and the efficiency of CHsl entrainment suggest that currently available upper
of CHsl troposphere—stratosphere transport has been identair measurements are not representative of global estimates
fied for some cruise sections. The mechanism of strong horand further campaigns will be necessary in order to better
izontal surface winds triggering large emissions on the oneunderstand the CH contribution to stratospheric iodine.

hand and being associated with tropical convective systems,

such as developing typhoons, on the other hand, could ex-

plain the identified correlations. As a result of the simulta- )

neous occurrence of large GHemissions and strong verti- 1 Introduction

cal uplift, localized maximum mixing ratios of 0.6 ppt GH . _ Lo

at the cold point have been determined for observed peal|<t |s_currently believed that organic lodine c_ompounds are
emissions during the SHIVA (Stratospheric Ozone: Halo- not important for stratospheric ozone chemistry as a result

gen Impacts in a Varying Atmosphere)-Sonne research vess&f their very short lifetimes that allow only small fractions of

campaign in the coastal western Pacific. The other two camzzhoeogml\';ted |c|J(d|ne ;oRregch the ;gitlospéhe_re _(Asch;n_a(rjl_n et a(;.,
paigns give considerably smaller maxima of 0.1 pptsCiH » Montzka and Reimann, ). Emissions of iodinate

the open western Pacific and 0.03 ppt in the coastal easter%ompounds from thg ocean_lnto the atmqsphere aqd subse-
uent strongly localized vertical transport in convective sys-

Atlantic. In order to assess the representativeness of the Iar(_% determi it and h h of the short-lived iodinated
local mixing ratios, we use climatological emission scenarios ems determines ifand how much ofthe short-lived lodinate

to derive global upper air estimates of gltdbundances. The gases reach the upper tropical tropopause layer (TTL) and

model results are compared with available upper air meas;urépWer stratosphere. Both processes are highly variable in time

ments, including data from the recent ATTREX and HIPPO2 and space and reliable global estimates should, if possible, be
’ derived from frequent upper air observations and from model

Published by Copernicus Publications on behalf of the European Geosciences Union.
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studies based on high resolution emission maps. In additio80-110 Gg | yr! (Bell et al., 2002; Redeker et al., 2000; Sive
to the unknown variability of CHl in the TTL, uncertainties et al., 2007).
in the knowledge of the atmospheric lifetime of inorganicio-  Atmospheric mixing ratios of Ckl in the marine bound-
dine (e.g., Dix et al., 2013) pose a major challenge for theary layer have been reported by a large number of measure-
quantification of the stratospheric iodine budget. If iodinatedment campaigns, and background values range between 0.4
species reach the upper troposphere and lower stratospheamd 1.6 ppt (Saiz-Lopez et al., 2012 and references therein).
(UTLS), they might enhance ozone destruction due to theWwith increasing altitude the C4l abundance decreases and
possible role of active iodine in rapid interhalogen reactionsmeasurements from two aircraft campaigns reveal very little
(Solomon et al., 1994). CHgal in the TTL, with mean values of 0.01 ppt above 14 km
Methyl iodide (CHl) is an important carrier of iodine (Montzka and Reimann, 2011). The two campaigns were
from the surface to the free troposphere, where it plays arconducted with the NASA WB57 high-altitude aircraft over
important role for ozone chemistry and oxidizing capacities Central America and the Gulf of Mexico, but due to the hori-
(Chameides and Davis, 1980; Davis et al., 1996; McFiggansontal limitations of the campaign area, the results might not
et al., 2000; O’'Dowd et al., 2002; Saiz-Lopez et al., 2012; be representative of global GHestimates in the TTL. The
Vogt et al., 1999). CHl is emitted mainly from the ocean observational data obtained during the aircraft campaigns,
where biological sources in form of algae and phytoplanktoncombined with the outcome of model studies (Aschmann et
(e.g., Hughes et al., 2011; Manley and Dastoor, 1987, 1988al., 2009; Donner et al., 2007; Gettelman et al., 2009), lead to
Manley and de la Cuesta, 1997; Smythe-Wright et al., 2006the conclusion that no more than 0.05 ppt of iodine enters the
and non-biological sources in form of photochemical produc-stratosphere in the form of the source gagOMlontzka and
tion (e.g., Butler et al., 2007; Chuck et al., 2005; Happell Reimann, 2011). If CHl is photolyzed before reaching the
and Wallace, 1996; Moore and Zafiriou, 1994; Richter andstratosphere, the generated inorganic iodine can be removed
Wallace, 2004; Yokouchi et al., 2008) have been identified.from the atmosphere by washout. It has been suggested re-
Note that current studies suggest that organic sources of ioeently that heterogeneous recycling of inorganic iodine on
dine cannot explain iodine oxide concentrations in the loweraerosol surfaces can occur (Dix et al., 2013), which could
troposphere over the tropical oceans (Jones et al., 2010; Manable a longer atmospheric lifetime and possibly the direct
hajan et al., 2010) and that emissions of inorganic iodine fol-entrainment of inorganic iodine into the stratosphere.
lowing heterogeneous reactions at the ocean surface can ac-Once in the lower stratosphere, glHwill contribute to
count for a primary source of oceanic iodine emissions (Carthe inorganic iodine () budget, which is of interest due to
penter et al., 2013). the suggested efficiency of active iodine in destroying ozone
Global emission estimates are based on oceanic and afbavis et al., 1996; Solomon et al., 1994; WMO, 2007).
mospheric CHI concentrations obtained during ship cruises Stratospheric iodine exists mostly in the form of free radicals
(bottom-up and on model studies which are adjusted taCH (iodine atoms and iodine monoxide), so that the partitioning
upper-air observationgdp-dowr) (Montzka and Reimann, of free radicals to total halogen content is much higher for
2011). Oceanic and atmospheric surfacesCid character-  iodine than for chlorine or bromine (Brasseur and Solomon,
ized by a large spatial (e.g., Ziska et al., 2013) and tem-2005). Investigations of inorganic iodine species, in the form
poral (e.g., Fuhlbriigge et al., 2013) variability. Addition- of iodine monoxide (IO) or iodine dioxide (OIO), in the
ally, differences between calibration scales, applied duringower stratosphere give an upper limit of IO of 0.3 ppt based
past campaigns, might exist (Butler et al., 2007). Estimat-on ground-based measurements (Wennberg et al., 1997) and
ing local fluxes from observations and extrapolating them to0.2 ppt based on solar-occultation balloon-borne measure-
a larger scale in order to derive global estimates may thusnents (Pundt et al., 1998). Other balloon campaigns in the
result in large uncertainties. Atmospheric modeling studies,upper TTL, however, detected no 10 or OlO in the upper TTL
on the other hand, prescribe global emissions with the emisabove the detection limit at 0.1 ppt (Bdsch et al., 2003; Butz
sion strength chosen so as to reproduce atmospheric aiet al., 2009). As a result, the total amount of stratospheric
craft observations and might miss the importance of local-ly is currently estimated to be below 0.15 ppt (Montzka and
ized sources. As a result, emissions are poorly constraine®eimann, 2011), arising from the detection limit of inorganic
and available global oceanic flux estimates based on the difiodine (0.1 ppt) given by the latter studies and the iodine sup-
ferent approaches (top-down, bottom-up and laboratory exply in form of CHgl (0.05 ppt).
periments) range widely from 180 to 1163 Ggtyr An Due to its short lifetime of around 7 days (given in
overview of available global oceanic emission estimates inMontzka and Reimann, 2011), one expectszCiH the tro-
the literature is given in Table 1 in Gg Iyt and, for a better  posphere and TTL to exhibit significantly large variability.
comparability with the ship campaign emissions presentedrhe amount of CHlI transported from the ocean into the
in Sect. 3, inpmolCRIm~—2h~1. Additionally, terrestrial ~ stratosphere is determined by oceanic emissions and the ef-
sources such as rice paddies, wetlands, and biomass burninfigiency of atmospheric transport. In order to quantify the
which are not well quantified yet, are assumed to contributecontribution of CHil to the stratospherig Ibudget, observa-
tions of CHsl and 10 with a good global coverage would be
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Table 1.Global CH;l emission estimates in the literature given in GgT¥mand additionally in pmol CRlm=2h~1,

CHgsl emission  CHI emission Reference Approach
(Gglyr 1) (pmol CHglm~2h~1)

241 593 Liss and Slater (1974) Bottom up
1163 2862 Rasmussen et al. (1982) Bottom up
270-450 665-1107 Singh et al. (1983) Bottom up
134 330 Campos et al. (1996) Bottom-up
254 625 Moore and Groszko (1999) Bottom up
272 670 Bell et al. (2002) Bottom-up
180 443 Chuck et al. (2005) Bottom up
531 1307 Smythe-Wright et al. (2006) Lab-experiment
550 1354 Butler et al. (2007) Bottom-up
272 748 Ordoiiez et al. (2012) Top-down
184 453 Ziska et al. (2013) Bottom-up

necessary. While in the UTLS such observational evidence of 50
global iodine abundances does not exist so far, recent mea-
surements in the free troposphere over the Canary Islands
(Puentedura et al., 2012) and the Pacific Ocean (Dix et al.,s
2013) report significant amounts of 10 of up to 0.4 ppt and § ol

suggest that 10 occurs in the lower troposphere on a global = ®  TransBrom

scale. At the surface, a variety of GHlata originating from - DRIVE

ship campaigns and the resulting first global emission clima- ® SHIVA

tology (Ziska et al., 2013) are available. Here, we use in situ ., [ — P ; . .
CHzsl measurements from three tropical ship campaigns, one -150 =100 -50 0 50 100 150
in the eastern Atlantic and two in the western Pacific, and a longitude (°)

Lagrangian transport model to analyze the characteristics and. _ _ o

the variability of CHyl transport from the ocean surface into "'9- 1-Map of ship campaigns used in this study.

the upper TTL. Furthermore, we derive upper air estimates of

CHgl abundances based on the global emission climatology

and compare them to available upper air measurements thatastern Atlantic (Fig. 1). During each cruise, surface air sam-

include new data from various aircraft campaigns. The shipples were collected every 1 to 3h in pressurized stainless

and aircraft campaigns as well as the atmospheric transpositeel canisters and analyzed subsequently foglGitl the

model are introduced in Sect. 2. Estimates of atmospheri®Rosenstiel School of Marine and Atmospheric Sciences (RS-

CHgzl abundances based on the individual ship campaigngviAS) at the University of Miami by the group lead by Elliot

are given in Sect. 3, while the model results based on globaAtlas. Surface water samples were collected simultaneously

emissions, including their comparison to aircraft campaignby a submersible pump at 5m depth and analyzed on board

data, are discussed in Sect. 4. We present the contribution afsing a purge-and-trap gas chromatography/mass spectrom-

oceanic CH]I to stratospheric iodine in the form of the model etry (GC/MS) analytical system (Quack et al., 2004). Both

estimated CHI mixing ratios at the cold point. The summary data sets were calibrated with a NOAA standard (Butler et

and discussion of the key results can be found in Sect. 5. al., 2007). The instantaneous glidea-to-air fluxes were cal-
culated from the measured sea surface concentration and lo-
cal atmospheric mixing ratios applying Henry’s law constant

2 Data and model from Moore et al. (1995) and the instantaneous 10 min av-
erage wind speed. Henry’s law constant was calculated as a
2.1 Ship campaigns function of the 10 min average water temperature. The flux

calculations are based on the transfer coefficient parameter-
Oceanic CHI emissions from three tropical ship campaigns ization of Nightingale et al. (2000) adapted to §HFor
(Table 2), calculated from measurements of sChhixing the parameterization, the transfer velocity at Schmidt number
ratios in the surface water and atmosphere, are used 660, which corresponds to GGt 20°C in seawater (Wan-
this study. The two ship campaigns TransBrom-Sonne andinkhof, 1992), was corrected by the g@Fschmidt number
SHIVA-Sonne took place in the open and coastal westermat the temperature of measurement. The ratio of the diffusion
Pacific while the DRIVE campaign was located in the north- coefficients from CHBr (De Bruyn and Saltzman, 1997) and

www.atmos-chem-phys.net/13/11869/2013/ Atmos. Chem. Phys., 13, 1188886 2013
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Table 2. Recent ship campaigns providing oceanic and atmospheri¢ @Easurements.

Campaign Full name Route Time References
(RV) period
TransBrom- Very short lived bromine com- Western Pacific: 2009 Kruger and
Sonne pounds in the ocean and theirTomakomai, Japan —  October Quack (2013)
(Sonne) transport pathways into the Townsville, Australia
stratosphere — Sonne
DRIVE Diurnal and Regional Atlantic: 2010 Bange et al.
(Poseidon) Variability of Halogen Las Palmas, Spain—  May/June (2011)
Emissions Vigo, Spain
SHIVA-Sonne  Stratospheric Ozone: Halogen Western Pacific: 2011 Quack and
(Sonne) Impacts in a Varying Singapore — November Kriiger (2013)
Atmosphere — Sonne Manila, Philippines

CHal, estimated according to Wilke and Chang (1955), wascal characteristics of the ocean and atmosphere important for
used as a function of temperature for the Schmidt-numbethe CH;l distribution and sources. Within each classified re-

correction (e.g., Richter and Wallace, 2004). gion, the global 1 x 1° grid was filled through the extrap-
_ _ olation of the in situ measurements based on the ordinary
2.2 Aircraft campaigns least square (OLS) regression technique. The estimated sur-

) face concentration maps do not provide any information on
CHsl measurements in the upper troposphere and TTL argena| variability, but represent climatological fields of a
current_ly a"a"ak?'e from seven aircraft campaigns. Three,, yr time period. Based on the global concentration maps,
campaigns provide data from the surface up to the Uppefye oceanic emissions were calculated with the transfer coef-
troposphere/lower TTL: the TCA4-DC8 over Central AMer- gt narameterization of Nightingale et al. (2000), adapted
ica and the HIPPO and SHIVA campaigns which took placey, oy The emission parameterization is based on 6 hourly

in the Pacif_ic and wgstern .Pacific area, respectively. NOt%eteorological ERA-Interim data (Dee et al., 2011), taking
that SHIVA IS a combined aircraft-, ship- and grqund-basedinto account emission peaks related to maxima in the hor-
campaign with measurements both from the ship and from, g9 wing fields. The final emission climatology product
the aircraft used in this study. From the HIPPO mission,is caiculated as the 20 yr-average emission field. Emission
we use here the measurements obtained during the HIPPQgo o5 related to 6 hourly wind maxima are not present any
Campa'gn in 2009. C# measurements in the upper TTL more in the final 20 yr mean climatology; however, their ex-
are available from Pre-AVE and TC4 campaigns. These WQgience in the temporally resolved emission fields counteracts

Campaigns have been used to derive recept estimates of t possible underestimation introduced by smoothing effects
upper air CHI abundance (Montzka and Reimann, 2011). In j¢ o climatological approach.

addition to the data used for the current upper TTLsCéb-

timate, observations from the ACCENT campaign in 1999

and from the ATTREX campaign in 2011 are included in 2.4 Modeling atmospheric transport
our study. All four campaigns, which provide GHneasure-

ments in the upper TTL, took place over the southern US

and Central America. Detailed information about the aircraft | € atmospheric transport of GHrom the oceanic surface
missions, including location and time period, are presentedt© the upper troposphere and TTL is simulated with the La-

in Table 3. grangian particle dispersion model, FLEXPART (Stohl et al.,
2005). This model has been validated based on comparisons
2.3 Global emission climatology with measurement data from three large-scale tracer experi-

ments (Stohl et al., 1998) and on intercontinental air pollu-
The global emission scenario from Ziska et al. (2013) is ation transport studies (e.g., Forster et al., 2001; Spichtinger et
bottom-up estimate of the oceanic glfluxes. Atmospheric  al., 2001; Stohl and Trickl, 1999). FLEXPART is driven by
and oceanic surface in situ measurements from the HalOcAmeteorological fields from the ECMWF (European Centre
(Halocarbons in the ocean and atmosphere) database projefcr Medium-Range Weather Forecasts) numerical weather
(https://halocat.geomar.plerere used to generate global sur- prediction model and includes parameterizations for moist
face concentration maps. In a first step the surface measureonvection (Forster et al., 2007), turbulence in the boundary
ments were classified based on physical and biogeochemlayer and free troposphere (Stohl and Thomson, 1999), dry
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Table 3. Aircraft campaigns with Chl measurements used in the study.

Campaign  Full name Max. Location Time period References

(Aircraft) altitude

ACCENT Atmospheric Chemistry of 19km Southern US 1999 http://espoarchive.nasa.

(WB57) Combustion Emissions Near Central America April, September  gov/archive/browse/
the Tropopause accent

Pre-AVE Pre-Aura Validation 19km Southern US 2004 http://espoarchive.nasa.

(WB57) Experiment Central America January—February gov/archive/browse/

pre_ave

TC4 Tropical Composition, Cloud  12km Southern US 2007 Toon et al. (2010)

(DC 8) and Climate Coupling Central America July—August

TC4 Tropical Composition, Cloud  19km Southern US 2007 Toon et al. (2010)

(WB57) and Climate Coupling Central America August

HIPPO2 HIAPER Pole-to-Pole 14 km Pacific 2009 Wofsy et al. (2011)

(HIAPER)  Observations 2 November

ATTREX Airborne Tropical Tropopause 19km Eastern Pacific 2011 http://espo.nasa.gov/

(Global Experiment October—November missions/attrex

Hawk)

SHIVA Stratospheric ozone: Halogen 14km Western Pacific 2011 http://shiva.iup.

(Falcon) Impacts in a Varying (Maritime November uni-heidelberg.de/
Atmosphere Continent) index.html

deposition and in-cloud as well as below-cloud scavengingyesolution of © x 1° on 60 model levels. Transport, disper-
and the simulation of chemical decay. sion and convection of the air parcels are calculated from
We perform two different kinds of studies based on thethe 6-hourly fields of horizontal and vertical wind, temper-
different model setups, one using in situ emissions observeature, specific humidity, convective, and large scale precip-
during individual ship campaigns and one using a globalitation and others. The vertical wind is calculated in hybrid
emission climatology. For the in situ experiments, the trans-coordinates mass consistently from spectral data by the pre-
port of CHgl is simulated with a multitude of trajectories processor, which retrieves the meteorological fields from the
launched for each emission data point, as described in deECMWF archives.
tail by Tegtmeier et al. (2012). The trajectories are assigned The atmospheric lifetime of C#l was assumed to be con-
the amounts of Ckl emitted from a 0.0002x 0.0002 grid stantin the troposphere and set to 7 days according to current
box (~500n?) at the measurement location over one hour, estimates (Montzka and Reimann, 2011). Trajectories were
as calculated from the observation-derived flux. Atmosphericterminated after 20 days. For a sensitivity study, an altitude-
mixing ratio profiles resulting from in situ emissions have dependent lifetime of Ckl, derived by the TOMCAT chem-
been determined following the method described in Tegt-ical transport model (CTM) (Chipperfield, 2006), was also
meier et al. (2012). The calculation of global glt¢stimates  used. The CTM calculated tropospheric loss ofsCiHrough
is based on the emission climatology from Ziska et al. (2013).photolysis, the major tropospheric sink, using the recom-
The oceanic sea-to-air flux is given globally on ax11° mended absorption cross section data of Sander et al. (2011).
grid. From each grid box 10 trajectories are released per dayThe modeled CHl lifetime diagnosed by the CTM is rel-
carrying the according amount of GHas prescribed by the atively short ¢ 2-3 days) in the tropical troposphere and
emission scenario. While the simulations based on the in situhus this experiment is useful for examining the sensitivity
ship campaign data are carried out for the time period of theof CHsl loading in the upper troposphere to a range of life-
respective ship campaigns (see Table 2), the global simulatimes. Previously, CHl profiles from TOMCAT have been
tions are run for the year 2009. Additionally, the global sim- shown to agree well with aircraft observations in the tropical
ulations are carried out for the time periods of the aircrafttroposphere (Hossaini et al., 2012). The mass of thgIlCH
campaigns (see Table 3) in order to allow for a direct com-carried by each air parcel is reduced at a rate corresponding
parison between aircraft measurements and model result$o its chemical lifetime.
The FLEXPART runs are driven by the ECMWF reanalysis
product ERA-Interim (Dee et al., 2011), given at a horizontal
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Fig. 2. Campaign-averaged GHemissions and wind speed are shown for three tropical camp@yréHsl emissions (black line), as well
as the wind speed (colored line) are displayed as a function of time along the cruise track for Tra@i®BRRIVE (c), and SHIVA(d).

3 Atmospheric CHsl transport based on individual ship dition to the emission time series, the wind speed along the

campaigns cruise track (colored dashed lines) for the individual cam-
paigns is presented in Fig. 2b—d. Particularly high emissions
3.1 Comparison of three tropical campaigns occur for the TransBrom cruise during times of high wind

speeds, e.g., emissions of up to 1364 and 600 pmdkhm?
were observed during the tropical storms Nepartak and Lupit

CHl emissiops observed durir]g the tropica}I ship_ cruiseson 12 October and 14 October 2009, respectively (Quack et
vary substantially from campaign to campaign. Figure Zaal 2013)

shows the campa}igr)—averaged emissions for all threg'cruises, Among the different existing parameterizations, the here
with stg:_'r:g\g/ir gmlssmnsf for t:e Coagﬁll\\//xeﬁtem ch'f'c CaMzpplied sea-to-air flux parameterization of Nightingale et
paign -Sonne (referred to as nereina er) com- al. (2000) predicts transfer velocities in the middle range
pared to the northeastern Atlantic campaign DRIVE and the, e.g., Carpenter et al., 2012) for wind speeds below 20 s

open western Pacific campaign TransBrom-Sonne (referre Il parameterizations gain uncertainty for wind speeds above

to as TransBrom hereinafter). In contrast to global estimate§0 m s and a possible overestimation of sea-to-air fluxes at
(Table 1), th_e emissions observed during the three campaigng, o s very high wind speeds has been suggested (McNeil and
are small with mean values of231(1) .(DRIVE)’ 320 ('I_'rgms- D’'Asaro, 2007). While this needs to be kept in mind when
Brom) and 430.(SH|VA) pmolm~h JUSt below the mini- fluxes at higher wind speeds are considered, for the here dis-
mudmrg]jloba! estimate |(|443rf)m0::ﬁh ’C.:hUCk eltag.,IZOOTS) cussed cruises wind speeds are always below 20nasd

alr13 Z ree 'Iumgsh_slmg elr than It ezgc‘gx'm“m global estimatgyq Njightingale parameterization has been applied through-
(1354 pmol v , Butleretal, ): out. CHsl emissions during the DRIVE campaign are also

BIacI_< lines in Fig. 2b—d give the emission Stfe”_g_th along determined by the large supersaturation in combination with
the cruise tracks and demonstrate the large variability of Sea\'/arying wind speeds, with the largest emissions of up to

to-air fluxes during the campaigns, with the measurement Io—1146 pmol nT2h~1 observed on 7 June 2010. For SHIVA
cations often da.bOUt Iess.than flOO km apartgAUBigener?lly . relatively high oceanic concentrations and warm water tem-
oversaturated in oceanic surface waters. As a resul, em'sf)eratures lead to very high supersaturations of methyl iodide

sion flux is primarily controlled by concentrations in water in the coastal western Pacific and trigger largesCémis-

(rather than air) and the water—air exchange rate, which issions due to elevated wind speeds. Local peak emissions
in turn driven by the wind speed (Ziska et al., 2013). In ad-
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a) CH ;1 mean emission and entrainment for 3 tropical campaigns
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Fig. 3. Campaign-averaged GHemissions and modeled entrainment above 17 km are shown for three tropical canfppi@h! emis-
sions (black line) as well as the relative (colored dots) and total (colored line) amountzbfe@tiained above 17 km are displayed as a
function of time along the cruise track for TransBr@n), DRIVE (c), and SHIVA(d). Emissions are calculated from the observed flux for
a time period of one hour and an area of 56bfor each observation. CHtilifetime is prescribed with 7 days (entrainment-7 in pamehd

all results inb—d) or with 2—3 days (entrainment-3 &).

during SHIVA of up to 2980 pmolm?h~1 (19 November by all the computational particles across this altitude. Note
2011) exceed the maximum emissions observed during théhat the altitude of the level above which no washout occurs
other two campaigns and are among the largest local emisis a source of uncertainty regarding our results of thgICH
sions observed so far (Ziska et al., 2013). contribution to stratospheric iodine. If, for instance, hetero-
The amount of Chl that reaches the stratosphere has beergeneous recycling of iodine from aerosols back to the gas
estimated based on Lagrangian transport calculations witlphase were to occur (Dix et al., 2013), the “no-washout level”
FLEXPART. CHsl emissions in the FLEXPART runs are would be lower than the cold point and, as a consequence,
calculated from the observed flux for a time period of onethe CHl contribution to stratospheric iodine would be larger
hour and an area of 500fior each observation, presented than estimated below. A simple sensitivity study reveals that
in Fig. 3 as campaign averages (Fig. 3a) and as time serieapproximately twice as much GHis found to contribute to
over the length of each individual campaign (Fig. 3b—d). Thethe stratospheric iodine if the “no-washout level” is set at
level above which no significant washout is expected is par-16 km instead of 17 km.
ticularly important for stratospheric iodine chemistry, since  For all three campaigns the average amount ofitiding
all CHsl which reaches this level before being photolyzed entrained above 17 km is shown in Fig. 3a. For the scenario
can be expected to contribute to the stratosphgribud- of a uniform atmospheric lifetime of 7 days (WMO, 2011),
get. While the exact altitude of the “no-washout level” is still about 0.5% (DRIVE), 2% (TransBrom) and 6 % (SHIVA) of
under debate (Fueglistaler et al., 2009), we have chosen thine emitted CHI reaches the upper TTL and is projected to
cold point altitude as an upper estimate since no dehydratiobe entrained into the stratosphere. In order to investigate the
is expected to occur above. Based on evaluations of regusensitivity of our results to the prescribed atmospheric life-
lar radiosonde measurements during the ship campaigns, thtane of CHsl, we repeat the same calculation but using an
cold pointis found at 17 km (Fuhlbriigge et al., 2013; Kriger altitude dependent Cili lifetime from the TOMCAT CTM.
and Quack, 2012). We quantify the contribution of £Tkb When the considerably shorter profile lifetime (2—3 days) is
stratospheric iodine based on the amount ogC#htrained  assumed, only 0.1% (DRIVE), 1% (TransBrom) and 4%
above 17 km, which is calculated as the sum of;Ct¢hrried (SHIVA) of the emitted CH]I are transported into the upper
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TTL. The entrainment of Ckl above 17 km based on the transport efficiency, are large. For the SHIVA campaign, this
two different lifetimes reveals considerable differences, ascoincidence is found for the event of the second largest emis-
one would expect, and illustrates the need for a better unsion on 22 November 2011, where the transport model esti-
derstanding of tropospheric GHchemistry. While all the  mates that around 10 % GHcould reach 17 km. For Trans-
following results are based on assuming agC&tmospheric ~ Brom, the largest total entrainment takes place on 14 October
lifetime of 7 days, the case study above provides an estimat@009 and is based on an average emission value during times
of the sensitivity of our results (30-80 % less entrainment) toof maximum efficiency of vertical transport.
variations of the atmospheric lifetime (2.5-3 days instead of In order to further analyze possible coincidences of strong
7 days). emissions and efficient vertical transport, a correlation anal-
The efficiency of atmospheric GHtransport from the ysis has been applied to the two time series. For the entire
surface to the cold point (given by the percentage value otime series covering the whole cruise length, no correlation
CHgsl reaching 17 km) during SHIVA (western Pacific) is exists for any of the three campaigns. However, when parts
12 to 40 times larger than the efficiency of glHransport  of the time series are analyzed, high correlations are found.
during DRIVE (Atlantic). While these results are derived For the TransBrom campaign, correlations between emis-
from model runs based on local campaign data, it is knownsions and vertical atmospheric transport reach a maximum
from previous studies that the western Pacific is in generafor two individual campaign sections (Fig. 4a). A very high
an important region for troposphere—stratosphere transport aforrelation of 0.89 is found for the first section, comprising
short-lived compounds (e.g., Aschmann et al., 2009; Krligerl6 data points collected over 2 days (red lines). A high cor-
etal., 2009; Levine et al., 2007) due to active deep convectionmelation ¢ = 0.69) also exists for the subsequent cruise sec-
(Fueglistaler et al., 2009 and references therein). For SHIVAtion extending from 13 October 2009 to 18 October 2009
the large emissions together with the very efficient verticalbased on 39 data points. All correlation coefficients are sta-
transport lead to an overall large amount of {Likeaching tistically significant at the 95 % confidence level based on
the stratosphere. The absolute amounts ogldd¢ing en-  the Student’s test. Scatter plots of the emissions versus ver-
trained above the cold point at 17 km are given in Fig. 3atical atmospheric transport show different relationships for
for all campaigns, illustrating that 20 times more £2i$ en-  the two periods, with linear fits resulting in slopes of 54 and
trained for SHIVA compared to DRIVE and 4 times more 5, respectively.

when compared to TransBrom. Understanding the two different regimes occurring during
TransBrom, which show correlations if analyzed separately,

3.2 Possible connection between CGiiemissions and but lead to uncorrelated data sets when combined, requires
atmospheric transport some background information on the meteorological situa-

tion during the cruise (Krtiger and Quack, 2012). The first
Oceanic emissions and atmospheric transport vary from cameruise section extends north of the Intertropical Convergence
paign to campaign but also considerably within each cam-Zone (ITCZ) from 32N to 24 N, and model results sug-
paign. Dotted lines in Fig. 3b, c, and d give the transportgest that vertical transport from the surface to 17 km is weak
efficiency along the cruise track and demonstrate its largawith less than 1% of Ckl being lifted by deep convec-
variability from measurement side to measurement side. Durtion into the upper TTL. At the end of the first cruise sec-
ing DRIVE, the CHl troposphere—stratosphere transport is tion (12 October 2009, 2N), the ship crossed the track of
weak for the whole campaign and less than 1% reacheshe tropical storm Nepartak and large horizontal wind speeds
the stratosphere (Fig. 3c). However, for the two western Pareaching values of 20.4 mt$ were observed. Measurements
cific campaigns, the vertical transport is more efficient, lift- were increased to an hourly frequency and peak emissions
ing 1-16 % of emitted Ckl from the surface to 17km for of oceanic CHI were reported during periods of maximum
SHIVA, and 0-6 % for TransBrom. While both ship cam- horizontal winds. Note that during the influence of Nepartak,
paigns took place in the western Pacific and encountered pehe transport model shows strong convective activity, reach-
riods of strong convective activity, the amount of overshoot-ing only main convective outflow regions around 12 km and
ing convection responsible for the transport of the short-livednot the upper TTL, resulting in the weak transport efficiency
CHal up to 17 km differs between the campaigns. An overall discussed above. At the beginning of the second cruise sec-
stronger vertical transport is predicted for the SHIVA cam- tion, the ship crossed the ITCZ and came close to the tropical
paign, which took place in the coastal regions of the mar-storm Lupit (14 October 2009, 18!), which developed into
itime continent, an area well known for deep cumulus con-a super typhoon a couple of days later (Krliger and Quack,
vection and heavy precipitation systems during boreal winter2012). Similar to the situation during Nepartak, the strong
(Chang et al., 2005). For TransBrom, convection above thehorizontal wind speeds are accompanied by increased atmo-
open ocean including tropical storm systems dominates thapheric trace gas concentrations and emissions. As opposed
vertical transport from the surface to the cold point at 17 km.to the first cruise track section, atmospheric transport into the
The total amount of Ckl entrained above 17 km shows max- upper TTL is very efficient during the second cruise section,
imum values for cases when both variables, emission andh accordance with its location within the ITCZ.
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Fig. 4. The CH;l observed emissions (line) and the modeled relative amount entrained above 17 km (dots) are shown for Tré)sBrom
and SHIVA (b) as a function of time (left panels) and as a scatter plot (right panels). The subsets, for which correlations between the two
functions have been identified, are color-coded in red and blue. The correlation coefficjemtsdiven in the right panel.

Table 4. Correlation coefficients between @GHemission, horizontal wind speed and vertical transport efficiency (given by the relative
amount of CHI entrained above 17 km). The coefficients are given for the entire TransBrom and SHIVA campaigns as well as for the

subsets where correlations between theslCéinissions and vertical transport efficiency have been identified (TransBrom section 1 and 2,
SHIVA section 1).

Correlation coefficients TransBrom TransBrom TransBrom SHIVA SHIVA
for various cruise sections section 1 section 2 entire  section 1 entire
CHsl emission 0.93 0.93 0.82 0.70 0.62

and horizontal wind speed

Horizontal wind speed 0.87 0.74 —0.29 0.73 0.49
and vertical transport

CHgl emission 0.89 0.69 —0.05 0.59 0.28
and vertical transport

For the SHIVA campaign, the correlation between oceanichorizontal wind speeds of up to 13 mlsoccurred, while the
emissions and atmospheric transport reaches a maximum fdrorizontal winds during the time period before were moder-
the cruise section in the South China Sea from 17 Novem-ate, around 5ms. After 23 November 2011, the horizontal
ber to 23 November 2011, comprising 47 data points. Fig-winds and also the vertical transport continued to be large;
ure 4b shows the two time series, oceanic emissions antiowever, due to lower oceanic concentrations and saturation
troposphere—stratosphere transport efficiency, with the datanomalies the emissions are small compared with the first
during the respective cruise section displayed in red. Thecruise section.
correlation ( = 0.59) results mostly from the fact that the  Based on two tropical campaigns in the western Pacific,
large emissions on 21-22 November 2011 are accompanietthree cruise sections have been identified that show a corre-
by fast vertical transport. Note that for these two days highlation between the amount of GHemitted from the ocean
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and the fraction of emitted Gifitransported from the surface CH_| mean and maximum

to the cold point at 17 km. In general, GHshows relatively

uniform oceanic concentrations over the various cruise sec-

tions (Quack et al., 2013). Emission rates are mainly deter-

mined by the wind speed variations with high wind speeds

resulting in a fast atmospheric outflow and an immediate re-

placement of the gas from the oceanic source. Such corre-

lations between emissions and horizontal wind speeds have

also been observed for other short-lived halogenated gases

such as CHByand CHBr; in supersaturated coastal waters

during tropical storm activities (Zhou et al., 2008). We find

the strongest Ckl emissions during tropical storms, which

on the other hand can lead to intense vertical transport as-

sociated with developing tropical cyclones. It has been sug- 0 02 04 06 08 1

gested that tropical cyclones could play an important role CH,! [pptv]

for troposphere—stratosphere exchange due to associated fre-

quent convective overshooting (Rossow and Pearl, 2007) anfi9: 5-Modeled CHl profiles based on _observed_emissions during

due to contributing a disproportional large amount of the con-iN€ TransBrom, DRIVE and SHIVA ship campaigns. For all three

vection that penetrates the stratosphere (Romps and Kuanﬁ:mpalgns'mean values (solid lines) and maximum values (dashed
. . . . es) are given.

2009). The mechanism of strong horizontal winds trigger-

ing large emissions, on the one hand, and being associated

with _tropical cqnvective sys_tems, on _the o_t_her hand, (?OUIdto 0.02 ppt. During SHIVA, very large peak emissions as well
provide a possible explanation of the identified correlanons.as very intense vertical transport result in model estimates of

Such a mechanism could alsg explain why dgta over Iong(.ab.6 ppt CHI at 17km (Fig. 5), which is much larger than
tlmg periods are uncorrelated if the meteorologlcal oropeam%ny values reported by high reaching aircraft measurements
regime Chff‘”ges- E_xamples_ are the change in oceanit CH so far (Montzka and Reimann, 2011). The campaign aver-
concentration gradients during SHIVA on 23 November2011age mixing ratio at 17 km is considerably lower, amounting
coinciding with the end of the correlation time period and ;" o7 ppt. During DRIVE, the maximum values at 17 km
the change of meteorological conditions during TransBromrange around 0.03 ppt and mean values are in the order of
on 14 October, across the ITCZ, coinciding with the switch 5 49 ppt (Fig. 5). Note that in the free troposphere, theCH

between the two correlation regimes. . estimates are of similar order of magnitude as recent obser-
Correlation coefficients between all three quantities areyations of inorganic iodine (Puentedura et al., 2012; Dix et

pre_sented n Table 4 for dlfferent sections of the.two CTUISES 41, 2013). In order to investigate whether the relatively large
Evidently, in all cases there is a strong correlation betwee%ixmg ratios in the upper TTL estimated for the western

CHgl emissions and the horizontal wind speed. When thepiic emissions are isolated cases, strongly deviating from

h?rrlgontal s}urfage vlvmd is also strc;.ng(]jlyhcorrslatec:j'wnh thedotherwise low CHI abundances, or if they occur frequently
efficiency of vertical transport, we find the above discusseds 4 ,qh to impact global G# we analyze global model runs
correlation between C#i emissions and vertical transport.

" | in the next section.
The fact that for these cases both quantities are highly corre-

lated with the horizontal wind further strengthens the above

suggested mechanism. For the entire TransBrom cruise, ng  Global atmospheric CHsl transport

correlation of the horizontal winds with the vertical transport

can be found, probably due to the very different meteorolog-4.1  Comparison with aircraft measurements in the

ical regimes. For the entire SHIVA campaign, the correlation lower TTL

between CHI emission and horizontal winds is somewhat

weaker than for the other cases, probably because of a switchhe global contribution of Ckl to the stratospheric iodine

in the oceanic regime. budget is estimated from FLEXPART model runs using a
For the cruise sections where a correlation between emisglobal emission climatology provided by Ziska et al. (2013)

sion and vertical transport could be identified, one also findsas input data. The emission maps have been derived from

the overall largest amounts of GHbeing transported into  individual campaign measurements; however, as a result of

the stratosphere. For TransBrom, the maximum amount ofhe averaging process they do not represent the full spread of

0.1ppt Chl at 17 km (Fig. 5) is associated with emissions on the original data. Furthermore, they do not include instanta-

14 October 2009 and subsequent atmospheric transport influseous peak emissions that might be correlated to the subse-

enced by the tropical storm Lupit. Atmospheric glbun-  quent atmospheric transport, as illustrated above for individ-

dance at 17 km averaged over the whole campaign amountsal campaigns. Figure 6 presents thé 8840 N section of
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Fig. 6. Climatological CHl emissions [pmol m2 h—1] visualized between 408 and 40 N on a P x 1° grid from Ziska et al. (2013}a).
Locations of aircraft campaign measurements for the ACCENT, Pre-AVE, TC4, HIPPO2, ATTREX, and SHIVA m{g3ions
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Fig. 7. Comparison between observed and modeled vertical profiles af ®Hhe troposphere and lower TTL. Observations from all
tropical flight sections of each aircraft campaign are used to find coincident model output. Observations and model results are averaged
over all coincident data points in 1 km wide vertical intervals for TC4-DC8 (left panel), HIPPO2 (middle panel), and SHIVA (right panel).
Horizontal bars indicate-1 standard deviation.

the emission climatology. Due to supersaturated oceans thié they are less than 12 h apart and if their distance is less
climatological emissions are nearly everywhere positive andhan 0.5 horizontally and less than 0.5 km vertically. Profile
only a very few grid points denote GHsinks. Large oceanic comparisons are determined for each campaign by taking the
sources are found in the subtropical gyre regions as well agnean and standard deviation over all coincidences identified
in North Atlantic. The tropical western Pacific region shows for the particular campaign data and for the corresponding
particularly low CHsl emissions. Recent observations in this model output.
region during the SHIVA ship campaign, which have not The profile comparison for the three aircraft campaigns,
been included in the climatology compilation so far, suggestwhich provide data in the free troposphere and lower UTLS,
the climatology might underestimate western Pacific emis-show in general a good agreement between the observations
sions. and the model results, with the latter being consistently lower
We compare modeled GiHabundances to available air- (Fig. 7). For TC4-DC8, the modeled profile shows a steeper
craft measurements in the free troposphere and TTL regionvertical gradient between 1 and 3 km than the observations,
A special focus is on the model-measurement comparisomeading to some disagreement below 5km. Above this level,
in the upper TTL and on the question whether the aircraftmodel output and observations agree within their respective
measurements available here are representative of existingfandard deviations. The HIPPO?2 flight tracks extend over
global estimates. The comparison is based on model runall tropical latitudes and campaign averaged profiles show a
carried out for the time period of the respective campaignlarge variability below 10 km and around 13-14 km, which
and uses global emission climatologies as input data. As @ also displayed although somewhat weaker by the model
result we expect the modeled atmospheric transport to represults. Mean values agree very well on some levels (e.g.,
resent the atmospheric conditions during the campaign, eveabove 10 km) but show larger discrepancies on other levels
though the climatological emissions might deviate from the (e.g., 3—4 km). For SHIVA, the variability over all flight sec-
true local emissions present at the time. A geographic map ofions is small for observations and model results. In general,
the flight tracks is shown in Fig. 6. In a first step, coincident observed and modeled profiles show a very similar shape
data points for observations and model output are identifiedvith FLEXPART results being slightly smaller consistently
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Fig. 8. Same as Fig. 7 for vertical profiles of GHn the troposphere and TTL for the aircraft campaigns ACCENT, Pre-AVE, TC4-WB57,
and ATTREX.

over the whole altitude range. The largest differences are too strong CHI entrainment. However, the model results
found around 11 km. For some individual flights, convective underestimate C#l at 19 km, which observations suggest to
outflow leads to observations of enhancedsCbhetween 10  be around 0.02 ppt. Since GHhas no source in the atmo-
and 12 km that result in a “C-shape” profile, a characteristicsphere, one would expect to find lower values at higher al-
which is well captured by the model results (not shown here)titudes. A horizontally moving aircraft, however, will probe
different air masses at the different altitude levels, and a posi-
4.2 Comparison with aircraft measurements in the tive vertical gradient, as noted between 17 and 19 km, can oc-
upper TTL cur. The overall comparison of the 17—-19 km region gives a
good agreement between observations (0.011-0.019 ppt) and
Model-measurement comparisons for the four campaignsnodel results (0.006—0.032 ppt).
conducted with the high-altitude aircraft sampling in the up-
per TTL and lower stratosphere are shown in Fig. 8. For4.3 Global CHsl in the upper TTL
three out of four campaigns, the modeled abundances above
10km agree very well with the observations. For all threelt is also of interest to estimate GHabundances in re-
cases, the mixing ratios in the upper TTL are below 0.1 ppt,gions where no in situ measurements in the upper TTL are
with the exception of the strongly enhanced mixing ratios atavailable. The projected amount of glHentrained into the
16 km during ACCENT, which are reported by the observa- stratosphere depends on various FLEXPART model param-
tions and the model results. Largest discrepancies are foundters and their associated uncertainties such as in the con-
for the TC4-WB57 campaign, where basically no{LMas  vective parameterization and in the vertical transport driven
observed above 15km while FLEXPART simulates mix- by the vertical wind fields. The accurate representation of
ing ratios around 0.1 ppt for the levels 13—-17 km. Only be- convection has been validated with tracer experiments and
low 10 and above 17 km does the model output agree welP22Rn measurements (Forster et al., 2007). The application
with the TC4-WB57 observations. A summary of the model- of transport timescales based on vertical heating rates in-
measurement comparison in the TTL is displayed in Fig. 9,stead of vertical wind fields in the TTL between 15 and
where the modeled and observed profiles averaged over all7 km results in only minor differences of VSLS entrainment
four campaigns are displayed. FLEXPART overestimates thgTegtmeier et al., 2012). As discussed earlier, our results are
amount of CHI observed at 17-18 km (0.01 ppt) simulating also constrained by the prescribed 4 hifetime, which can
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20 restrial CHl emissions and therefore the very-short lived
- Observations CHegl is projected to reach the cold point and enter the strato-
18l . B FLEXPART sphere mostly above the oceans.

The average entrainment of GHinto the stratosphere
= B amounts to 0.04 ppt, as demonstrated by the tropical mean
% 16f — —F=————=a (30° S—30 N) CHgsl profile (Fig. 10a). In the annual mean
B - distribution the entrainment is focused on the inner tropical
% 14l - latitude bands, mainly between 28 and 20N where the

mean mixing ratio is about 0.05 ppt. Figure 11 provides in-
= formation on the frequency occurrence of &L ixing ratios
12¢ — at 17 km between 205 and 20 N. As already evident from

: — : — the geographical distribution of GHabundances (Fig. 10),
0 0.05 0.1 most values range between 0 and 0.1 ppt (82 %). However,
CH,l [ppt] a small amount of air is projected to carry larger amounts
_ _ _ of CHal, with 5.5% of air having mixing ratios larger than
Fig. 9. Comparison between observed and modeled vertical pro o ppt. Mixing ratios above 0.4 ppt occur only very rarely

files of CHgl in the upper troposphere and TTL._ Observations an_de(o.6 %), while mixing ratios above 0.6 ppt occur only in less
model results are averaged over all data campaign-averaged profil

that include measurements in the upper TTL (ACCENT, Pre-AVE, tﬁan 0.1% of all air masses. The results from the globad|CH

TC4-WB57, and ATTREX). Horizontal bars indicatel standard ~ Model run show that the estimates from ship campaigns for
deviation. TransBrom and SHIVA (0.02 and 0.07 ppt, respectively) are

in the general range of values found in the western Pacific.

Some in situ peak emissions observed during SHIVA com-
cause variations of CHl entrainment into the stratosphere of bined with subsequent strong vertical transport lead to ex-
around 50 %. However, the overall good agreement betweetremely high CHI abundances at 17 km-(0.6 ppt), which
model and observations in the eastern Pacific encourages tlae expected to occur in less than 0.1 % of all events based
use of the FLEXPART model results for further analysis.  on global model projections.

The western Pacific region is of particular interest for the

troposphere—stratosphere transport, and we will evaluate how
the FLEXPART results in this area compare to the model re-5  Summary and discussion
sults and observations in the eastern Pacific. Such a compar-
ison will allow speculations of how representative global es-Our study follows a two-way approach for modeling up-
timates are of existing aircraft measurements. In Fig. 10a obper air CHl abundances. One method uses highly local-
servations averaged over four tropical campaigns that crosseided CH;l emissions estimated during three ship campaigns
the eastern Pacific are displayed together with FLEXPARTto study the detailed characteristics of g§Hransport from
results averaged over three regions: the whole tropical belthe ocean surface through the TTL up to the cold point. The
(30° N-30C° S), the tropical western Pacific, and the tropical second approach uses global climatological emissions to es-
eastern Pacific aircraft campaign area. While for the westtimate the global strength and geographical distribution of
ern Pacific and the tropical belt the 2009 annual mean is disCHsl entrainment into the tropical stratosphere. Model re-
played, the eastern Pacific average is based on the montlsilts are compared to measurements from high-altitude air-
when aircraft measurements are available (see Table 3) in oeraft campaigns currently available in the eastern Pacific re-
der to allow for a comparison of the modeled eastern Pacifi@ion.
mean values with the in situ observations. The observations The detailed analysis of GdHemissions and transport for
and model results for the eastern Pacific agree quite well, athree individual ship campaigns reveals that the emissions
discussed above for the comparisons based on coincidencegary by about 50 % from campaign to campaign, but show
While observations suggest 0.01 ppt£Lkt 17 km, the mod-  much larger variations within one campaign. The large vari-
eled profile shows slightly larger values of 0.02 ppt. Over- ability between measurements is supposedly related to the
all, the comparison indicates that the available in situ mea-«varying meteorological conditions, in particular to the varia-
surements provide representative estimates of the megh CHtions of the horizontal winds. It is of interest to estimate to
abundance in the eastern Pacific region. FLEXPART resultsvhat degree one needs to know this variability in order to re-
for the western Pacific region show considerably larger mix-alistically simulate the CHl transport from the surface into
ing ratios, especially between 14 and 18 km with 0.08 pptthe stratosphere. Especially if the glHemissions and the
CHal at 17 km. The geographical distribution of the mixing intensity of vertical transport are correlated, coarse model
ratios is displayed in Fig. 10b, indicating that the westernsimulations could potentially over- or underestimate atmo-
Pacific region between 100V and 150 E shows the largest spheric CHI abundances. While such correlations have not
CHgsl abundances. Our model does not take into account terbeen observed over the entire length of one ship campaign,
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a) CH3 | profile 2009 b) CH; 1 [ppt], 17 km, 2009
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Fig. 10. Comparison between observed and modeled vertical profiles gf idkhe upper troposphere and TT&). Observations are as in
Fig. 7. Model output is averaged over the tropics (blug¢, 8630 N) and the western Pacific (red, f00/~15C E, 20° S—20C N) for 2009
and the eastern Pacific aircraft campaign region (green, 70-E,3 S-30 N) for the months of available measurements. Modeled tropical
distribution of CHl at 17 km for 2009b).

Frequency occurence at 17 km and thereby complete the line of argument connectingICH
emission strength and GHtroposphere—stratosphere trans-
port. Note that for the DRIVE campaign with very little uplift
15 of CHal into the upper TTL, emission and vertical transport
are found to be uncorrelated. Determining the conditions that
! are required in order for the proposed mechanism to hold
would require further analysis, ideally based on campaign
data obtained during various meteorological situations.
0 The importance of the identified coincidences of strong
0.2 03 0.4 0.5 0.6 0.7 . . .. . .
CHlat 17 km (ppY) emissions and efficient vertical transport for model simula-
tions can be investigated with a simple test. For the campaign
sections where a correlation between emission and transport
02 03 04 was found, a considerable difference (of up to 70 %) would
CH ,lat 17 km (ppt) result when the transport simulations would have been ini-
tiated with one average emission instead of the highly vari-
Fig. 11.Frequency occurrence of GHabundances at 17kminthe aple emission time series. The opposite is true for campaign
tropl_cs for 2009 b_ased on climatological em_ls_slons._The inset panekactions where emissions and vertical transport are uncorre-
provides a zoom-in for the range of larger mixing ratios 0.2—0.7 ppt'lated. Here, model runs using one average emission lead to
approximately the same amount of glHat the cold point
level as model runs using the spatially resolved emissions.
individual sections with high correlations between emissionlf such correlations, as identified for parts of the tropical
and vertical transport have been identified. The analysis ofampaigns, were a more general phenomena, than global
the meteorological conditions during the campaigns leadsnodeling studies should be based on highly resolved emis-
to the hypothesis that the horizontal surface winds act as &ions scenarios instead of uniform background mixing ra-
connecting link between emission and transport. On the onéios. However, CHI emission maps derived from observa-
hand, horizontal wind strength directly determines the emis-+ions can only be compiled in a climatological sense due to
sion strength by diluting CHl rich air and thereby control- the low data density and cannot include information on the
ling the uptake capacities of the atmosphere. Note that suckemporarily highly variable emission peaks. As a result, mod-
mechanism works only for short-lived gases that are stronglyeling studies based on climatological emission maps cannot
supersaturated, as it is the case forsCH most regions. Ele-  fully take into account the simultaneous occurrence of large
vated oceanic concentrations and larger concentration gradicHzl emissions and strong vertical uplift and might therefore
ents between sea water and air in source regions support thisad to an underestimation of stratosphericzCModel sim-
effect. On the other hand, horizontal wind variations dependulations could benefit from using the climatological surface
on the meteorological conditions, such as convective systemeoncentration maps in order to calculate the emissions instan-
or storm events. In particular, strong horizontal winds as-taneously. Parameterizations of glldceanic concentrations
sociated with tropical cyclones (i.e., typhoons) can indicatebased on biogeochemical modeling (e.g., Stemmler et al.,
efficient vertical uplift possibly penetrating the stratosphere2013) could help to further improve the modeling approach.
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Our results indicate that a realistic simulation of current andproduct ERA-Interim available. This study is carried out within
future iodine loading in the troposphere and stratosphere rethe WGL project TransBrom and the EU project SHIVA (FP7-
quires] among many other factors, h|gh|y resolved and wellENV-2007-1-226224) and contributes to the BMBF ROMIC grant
constrained CKl emission scenarios. In particular, the si- THREAT 01LG1217A.
multaneous occurrence of large glfemissions and strong
vertical uplift during the developing tropical typhoon suggest
that future changes in tropical cyclone activity (Murakami et
al., 2011) might influence the contribution of gHo strato-
spheric iodine in a changing climate. Edited by: W. T. Sturges

Comparisons of aircraft measurements in the upper TTL
with coincident model output give a good agreement with
slightly larger CHl abundances in the model. In the east-
ern Pacific region, where aircraft campaigns are availableReferences
the observations and the model indicate that around 0.01 )
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V. Conclusions and outlook

The objectives of this thesis were to reduce uncertainties on factors influencing marine
halocarbon emissions (Figure 111-17), and they were summarized in eight research questions
in section II.5. Substantial progress in elucidating these factors has been made, but at the
same time, new research questions arise from the results presented here. The eight
research questions were addressed in six manuscripts that focused on two upwelling
systems in the tropical Atlantic, including a dataset from the equatorial Atlantic with the first
direct measurements of oceanic CHBr3;, CH,Br,, CHsl and CH,l, from the ACT region. The
Cape Verde region and the Mauritanian upwelling had been subject of previous studies, but
the extensive dataset collected during the DRIVE campaign in the same region allowed for
testing new hypotheses and drawing new conclusions. In the following, the eight research
guestions will be discussed.

1. Is the equatorial Atlantic a source for atmospheric halocarbons and how are they
produced?
The equatorial Atlantic has been found to be a similar important source region for CHBr3,
CH,Br, and CHgl as other upwelling systems. Correlation analysis indicated a relationship of
CHBr; and CH,Br, to phytoplankton species, especially to the dominating chrysophytes,
associated with water masses of the EUC. In contrast to the hypothesis that the distribution
of CHgsl is mainly a result of photochemical formation, indicators, such as correlations with
biological proxies, for biogenic formation were found. This source might be equally important
as photochemical formation in the tropical ocean. Additionally, CH,l, could be detected in the
surface water although it had been hypothesized that it cannot reach the surface. However,
photolytical destruction as the main sink process leads to low surface concentrations and

consequently very low emissions.

2. How does halocarbon production below the mixed layer influence these emissions?
There is some uncertainty as to where halocarbon production takes place in the water
column. Depth profiles measured during MSM18/3 showed maxima both within the mixed
layer and below. Diapycnal fluxes of CHBr;, CH,Br,, CHsl and CH,l, calculated here for the
first time acted both as source and sink for mixed layer halocarbons. They were very low in
comparison to the other sinks, leading to the conclusion that halocarbon production in the
mixed layer compensates for sink processes such as sea-to-air flux. Mixing events could
transport halocarbons produced below into the mixed layer in larger concentrations. The
profiles observed during MSM18/3 indicate additional processes for CH,Br, in comparison to

CHBr; in deeper waters. These processes could be an additional source, the biologically
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mediated conversion from CHBr; possibly connected to heterotrophic processes, or a slower
degradation of CH,Br,in deeper layers.

3. What influences emissions of CHBrs;, CH,Br, and CHsl from a tropical upwelling
region on a diel and aregional scale?
This question can now be answered for the Cape Verde and the Mauritanian upwelling
region. CHBr; and CH,Br, showed a distinct regional distribution during the DRIVE campaign
strongly indicating biology as main driving factor for their concentrations: low CHBr; and
CH,Br, were found in the open ocean, while elevated concentrations that compare well to
previous measurements were observed in the upwelling. The main driving factor for their
emissions on a regional scale was their biologic production. Wind speed gained impact
especially on CH,Br, emissions with decreasing distance to the coast. In contrast to the
equatorial Atlantic, CHsl was ubiquitously distributed in the investigation area, suggesting
photochemical formation as main driver for its oceanic concentrations. No main driver for its
emissions was identified on a regional scale, but diel variations were strongly influenced by
variability in oceanic concentrations. Additionally, the height of the marine atmospheric
boundary layer (MABL) was identified as indirect impact factor for the oceanic emissions for

the first time.

4. Do coastal sources of CHBr; and CH,Br, influence atmospheric abundances of

these compounds in the Mauritanian upwelling?

Atmospheric abundances of CHBr; and CH,Br, above the Mauritanian upwelling were
similarly elevated as during previous campaigns, however, trajectory analysis indicated only
a small coastal influence. Significantly negative correlations of atmospheric CHBr;, CH,Br»
and CHsl with the height of the MABL were found: the largest atmospheric CHBrs, CH,Br»
and CHsl mixing ratios occurred simultaneously with the lower MABL height at a coastal
station in the upwelling. At this same station, sea-to-air fluxes of these compounds,
especially of CHBr; and CH,Br,, were at their maximum. A 1D box model simulation proved
that the largely elevated atmospheric abundances of the three halocarbons could be solely
explained by oceanic sources, contradicting the previously established hypothesis of
additional coastal sources. For the first time, very good correlations between oceanic and
atmospheric CHBr; and CH,Br, were observed. Surprisingly, they could be explained very
well within the known concepts of sea-to-air fluxes as described in section 111.2., wind speed,
and the MABL height.
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5. What are the meteorological constraints on atmospheric abundances and

emissions of CHBr;, CH,Br, and CHsl from coastal upwelling systems?

One of the major meteorological constraints on atmospheric CHBr;, CH,Br, and CHjsl during
the DRIVE campaign was the MABL height. Additionally, local influence of land-sea breeze
circulations was found close to the coast, although local sea-to-air fluxes remain the main
source for these compounds. The influence of the MABL was largest on emissions from
CHBr; and CH,Br;, because they were not as strongly supersaturated as CHjl.

6. How do concentrations and emissions of the halocarbons from tropical upwelling
systems in the Atlantic compare to a global perspective?

The tropical ocean was identified to contribute largely to the global emission estimate of

CHBr; and CH,Br, with the tropical upwelling systems covered here as large sources in a

global perspective. CH;l was found to be most elevated in the subtropical gyres.

7. Which processes lead to the observed depth profiles of CHsl in the tropical open
ocean?

The model results for the depth profiles obtained in the Cape Verde region suggest that the
observed profiles are produced from a combination of photochemical and biological
production. This is in agreement with the results from the two campaigns in this thesis, which
show that both biological and photochemical formation can dominate oceanic CHal
concentrations. The results also suggest that production rates by Prochlorococcus for the
tropical and subtropical oligotrophic Atlantic have previously been overestimated.

8. How much CHzsl from the Cape Verde and Mauritanian upwelling region can reach
the stratosphere and how does this compare to other tropical oceanic regions?
CHsl produced in the tropical Atlantic ocean can reach the stratosphere and is very likely to
influence ozone chemistry. The entrainment of CHsl above 17 km was in total higher for the
tropical Pacific in comparison to the tropical Atlantic, which is due to the fact that the tropical

deep convection in the West Pacific is much stronger than in the tropical Atlantic.

With the new findings from this thesis, we can now update Figure Ill-17.
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Figure V-1. Updated version of Figure IlI-17 with the results of this thesis, although some uncertainy still
lies in every process. The question marks indicates processes that need much further investigation as
described below.

The results of this thesis raise some more questions, additionally to the topics that could not
be addressed yet (Figure V-1). There are indications that the emissions of halocarbons might
increase in the future in upwelling systems due to enhanced land-sea temperature gradients
and associated increasing wind speeds, as well as shifts in phytoplankton production.
Overall, the phytoplankton production is projected to decrease in the open oceans (Falkowski
et al.,, 1998; Misumi et al., 2014), but may increase in coastal upwelling systems (Lachkar
and Gruber, 2012) with unknown consequences for the oceanic halocarbon production. More
insight into the involved processes is severely needed to better estimate future changes.
Incubation studies might be a good tool to investigate these. Some uncertainties include the
location of the production, intra- or extracellular, which production pathways yield the largest
amounts of these compounds, how species dependent the production is and why, as well as
factors that enhance or decrease halocarbon release from phytoplankton, such as light of
pH. The correlation analyses during the two campaigns indicate additional planktonic
producers to diatoms. Hence, a useful experiment would include mono-cultural studies of
phytoplankton species of each of the big phytoplankton groups to gain more knowledge on
potentially different production rates. Field incubations with marked halocarbon isotopes

could provide further insight into production and loss processes and their influence on
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halocarbon emissions. These experiments ideally include measurements of diapycnal mixing
to evaluate the impact of physical constraints compared to chemical and biological
production and losses of these compounds on a longer time scale. Furthermore, there are
still large gaps in the global coverage of these measurements. Each new data point will help
to further reduce the current uncertainties.
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