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vii Zusammenfassung 

Zusammenfassung 

 

Mit Inkrafttreten des Montreal-Protokolls in 1989 wurde der globale Ausstoß anthropogener 

Halogenkohlenwasserstoffe reduziert, was zu einem stärkeren Beitrag natürlich produzierter 

Halogenkohlenwasserstoffe zum atmosphärischen Halogenhaushalt in der Zukunft führen wird. 

Solche natürlichen Halogenverbindungen mit einer mittleren atmosphärischen Lebenszeit von bis zu 

einem halben Jahr, sogenannte sehr kurzlebige Substanzen (Very Short-Lived Substances, VSLS) 

beeinflussen die Oxidationsfähigkeit der Troposphäre und Stratosphäre (von Glasow and Crutzen, 

2007). Den größten Beitrag zum atmosphärischen Bromgehalt leisten Bromoform und 

Dibrommethan durch Produktion von Mikro- und Makroalgen (e.g. Quack and Wallace, 2003;Law and 

Sturges, 2007). Iodmethan (veraltet Methyliodid), welches sowohl von Mikro und Makro-Algen als 

auch durch photochemische Reaktionen im Oberflächenwasser entsteht, leistet hingegen einen 

signifikanten Beitrag zum atmosphärischen Iodhaushalt (e.g. Butler et al., 2007;Hughes et al., 2011). 

Erhöhte Emissionen dieser VSLS werden vorwiegend in tropischen Ozeanen, ozeanischen 

Auftriebsgebieten und küstennah beobachtet. Daher spielen diese Regionen eine entscheidende 

Rolle für den atmosphärischen Halogenhaushalt. In Verbindung mit intensiver tropischer Konvektion 

können VSLS bis in die obere Troposphäre, bzw. untere Stratosphäre gelangen (Montzka and 

Reimann, 2011).  

Diese Doktorarbeit untersucht den Einfluss meteorologischer Bedingungen und ozeanischer 

Emissionen auf atmosphärische VSLS Konzentrationen über Ozeanen und deren Transport in die freie 

Troposphäre. Die Arbeit umfasst drei Schiffskampagnen in verschiedenen ozeanischen und 

atmosphärischen Regimen: die DRIVE (Diurnal and Regional Variability of halogen Emissions) 

Kampagne mit FS POSEIDON im tropischen und subtropischen Nordostatlantik im Mai und Juni 2010, 

die SHIVA (Stratospheric ozone: Halogen Impacts in a Varying Atmosphere) Kampagne mit FS SONNE 

im tropischen Südchinesischem Meer und der Sulusee im November 2011, sowie der M91 SOPRAN 

(Surface Ocean Processes in the Antropocene) Kampagne mit FS METEOR im tropischen Südostpazifik 

im Dezember 2012. Meteorologische Parameter (Temperatur, Wind, Feuchte) wurden von den 

Schiffssensoren und den Radiosondierungen an Bord während jeder Kampagne gemessen, um 

atmosphärische Gegebenheiten nahe der Oberfläche, in der marinen atmosphärischen Grenzschicht 

(Marine Atmospheric Boundary Layer, MABL) und in der freien Troposphäre zu untersuchen. VSLS 

Proben wurden regelmäßig im Oberflächenwasser und in der marinen Atmosphäre während der 

Fahrten genommen. Die ersten beiden Manuskripte präsentieren Beobachtungen der DRIVE 

Kampagne. Manuskript 1 untersucht meteorologische Einflüsse insbesondere der MABL auf 

atmosphärisches Bromoform, Dibrommethan und Iodmethan, sowie deren tägliche Schwankungen 
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(Fuhlbrügge et al., 2013), während das zweite Manuskript Einflussfaktoren auf ozeanische 

Emissionen dieser VSLS über dem mauretanischen Auftrieb auf täglicher und regionaler Basis 

untersucht (Hepach et al., 2014). Manuskript 3 und 4 werten Beobachtungen während der SHIVA 

Kampagne im Südchinesischem Meer und in der Sulusee aus. Das dritte Manuskript untersucht den 

Beitrag von VSLS Emissionen zu beobachteten Mischungsverhältnissen in der MABL und der freien 

Troposphäre mit Hilfe einer Beitrags-Verlust Abschätzung und FLEXPART Trajektorienberechnungen. 

Die aufgrund ozeanischer Emissionen berechneten Mischungsverhältnisse von Bromoform, 

Dibrommethan und Iodmethan in der MABL und der freien Troposphäre werden mit 

Flugzeugmessungen in der Region während der SHIVA Kampagne verglichen (Fuhlbrügge et al., 

2015b). Manuskript 4 präsentiert VSLS Variationen im Oberflächenwasser, deren ozeanischer 

Emissionen und atmosphärische Mischungsverhältnisse entlang der Fahrtroute (Sentian et al., 2015). 

Die M91 SOPRAN Fahrt im tropischen Südostpazifik ist Teil der Manuskripte 5 und 6. Zur Bestätigung 

der Hauptergebnisse der DRIVE Kampagne im mauretanischen Auftrieb, untersucht Manuskript 5 

ähnliche meteorologische Einflüsse auf ozeanische Emissionen und atmosphärische VSLS im 

peruanischen Auftrieb. Zusätzlich wird die neu entwickelte Beitrags-Verlust Abschätzung aus 

Manuskript 4 auf die Beobachtungen während M91 angewandt (Fuhlbrügge et al., 2015a). Das 6. 

Manuskript konzentriert sich auf den Beitrag iodierter Verbindungen aus ozeanischen Emissionen auf 

atmosphärische Konzentrationen, sowie deren Transport in die Troposphäre (Hepach et al., 2015, to 

be submitted). 

Zusammenfassend wurden folgende neue Ergebnisse erzielt: Die Auftriebsgebiete entlang der 

mauretanischen und peruanischen Küsten wurden als Quellregionen für atmosphärisches 

Bromoform, Dibrommethan und Iodmethan ermittelt. Erhöhte atmosphärische 

Mischungsverhältnisse dieser Verbindungen wurden küstennah, insbesondere aber über dem 

ozeanischen Auftrieb in beiden Regionen beobachtet. Meteorologische Faktoren, wie die MABL 

Eigenschaften zeigten einen signifikanten Einfluss auf die ozeannahen atmosphärischen 

Mischungsverhältnisse der VSLS und deren ozeanischen Emissionen. Abhängig von der Höhe und 

Stabilität der MABL sowie der Passatinversion führten die VSLS Emissionen zu einer Anreicherung der 

Konzentrationen in der untersten Atmosphäre. Die resultierenden geringen 

Konzentrationsgradienten dämpften die ozeanischen Emissionen und führten zu geringen 

Schwankungen der VSLS Konzentrationen. Die mit den VSLS angereicherten Luftmassen blieben 

unterhalb der Inversionsschicht(en) und wurden vorwiegend horizontal und bodennah transportiert. 

In Regionen konvektiver Aktivität können die Luftmassen dann in die obere Troposphäre und 

Tropopause transportiert werden. Als Gegenbeispiel zeigten sich im Südchinesischem Meer und in 

der Sulusee trotz hoher ozeanischer Konzentrationen und Emissionen relativ geringe VSLS 

Konzentrationen bodennah und in der MABL. Hier sorgte eine konvektive, instabile MABL und 
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tropische Konvektion für einen schnellen Transport von Bodenluft in die freie Troposphäre und einer 

schnellen Verteilung ozeanischer Emissionen innerhalb dieser. Dieser schnelle vertikale Transport 

wurde als Grund für die beobachteten geringen MABL VSLS Mischungsverhältnisse identifiziert. 

Bromoform in der freien Troposphäre über dem Südchinesischem Meer und der Sulusee stammte 

nahezu vollständig aus dem örtlichen Südchinesischem Meer, während Dibrommethan und 

Iodmethan hingegen größtenteils von den Küsten Borneos und den Philippinen sowie des 

Westpazifiks advehiert wurden. 
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Abstract 

 

Emissions of anthropogenic halocarbons have decreased since the commencement of the Montreal 

Protocol in 1989, which leads to a stronger contribution of naturally produced halocarbons to the 

atmospheric halogen budget in the future. Natural halocarbons with a mean atmospheric lifetime of 

up to 0.5 years, the so-called very short-lived substances (VSLS), are known to alter tropospheric and 

stratospheric oxidation capacity (von Glasow and Crutzen, 2007). Large contributors of atmospheric 

bromine are bromoform and dibromomethane, both emitted by micro and macro algae (e.g. Quack 

and Wallace, 2003;Law and Sturges, 2007). A significant contributor to atmospheric iodine is methyl 

iodide, which is in addition to micro and macro algae also produced by photochemical reactions in 

the surface water (e.g. Butler et al., 2007;Hughes et al., 2011). Elevated oceanic emissions are 

observed in tropical oceans along coasts and above oceanic upwelling. Thus, these regions play a 

crucial role for the atmospheric halogen budget. In combination with deep tropical convection, the 

VSLS emissions can be transported into the upper troposphere and lower stratosphere (Montzka and 

Reimann, 2011).  

This thesis investigates the influence of meteorological conditions and oceanic emissions on 

atmospheric VSLS abundances above the oceans and their transport into the free troposphere during 

three ship campaigns in different oceanic and atmospheric regimes: the DRIVE (Diurnal and Regional 

Variability of halogen Emissions) campaign with R/V POSEIDON in the tropical and subtropical 

Northeast Atlantic during May and June 2010, the SHIVA (Stratospheric ozone: Halogen Impacts in a 

Varying Atmosphere) campaign with R/V SONNE in the tropical South China and Sulu Seas in 

November 2011, and the M91 SOPRAN (Surface Ocean Processes in the Antropocene) campaign with 

R/V METEOR in the tropical Southeast Pacific in December 2012. Meteorological data (e.g. 

temperature, wind, humidity) were measured from ships sensors and by radiosonde launches from 

the ships during each campaign to investigate atmospheric conditions near the surface, in the marine 

atmospheric boundary layer (MABL) and in the free troposphere. VSLS were regularly sampled in the 

surface water and in the marine atmosphere during the cruises. The first two manuscripts present 

results from observations during DRIVE. Manuscript 1 investigates meteorological impacts on 

atmospheric bromoform, dibromomethane and methyl iodide and their diurnal variability 

(Fuhlbrügge et al., 2013), while the second manuscript investigates drivers of oceanic emissions of 

these VSLS above the Mauritanian upwelling on a diel and regional basis (Hepach et al., 2014). 

Manuscripts 3 and 4 evaluate observations during SHIVA in the South China and Sulu Seas. The third 

manuscript investigates the contribution of VSLS emissions to observed MABL and free tropospheric 
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abundances by developing a source-loss estimate using FLEXPART trajectories. Computed MABL and 

free troposphere mixing ratios of bromoform, dibromomethane and methyl iodide from the oceanic 

emissions in the region are compared to SHIVA aircraft observations (Fuhlbrügge et al., 2015b). 

Manuscript 4 presents variations of VSLS in the surface water, oceanic emissions and atmospheric 

abundances along the cruise track (Sentian et al., 2015). The M91 SOPRAN cruise in the Southeast 

Pacific is part of manuscripts 5 and 6. To evaluate the major findings achieved during the DRIVE 

campaign at the Mauritanian upwelling, manuscript 5 investigates similar meteorological constraints 

on oceanic emissions and atmospheric VSLS in the Peruvian upwelling. In addition the new source-

loss estimate developed in manuscript 4 is applied to the observations during the M91 cruise 

(Fuhlbrügge et al., 2015a). The 6th manuscript concentrates on the contribution of iodinated 

compounds from oceanic emissions to atmospheric abundances and their transport to the 

troposphere (Hepach et al., 2015, to be submitted). 

Overall the following results were achieved. The upwelling regions along the Mauritanian and 

Peruvian coasts were identified to be medium source regions for atmospheric bromoform, 

dibromomethane and methyl iodide. Elevated atmospheric mixing ratios of these compounds were 

found towards the coasts especially above the oceanic upwelling in both regions. Meteorological 

factors, in particular the MABL characteristics, were identified to impact the atmospheric VSLS mixing 

ratios and the oceanic emissions significantly. Depending on the height and stability of the MABL as 

well as the trade inversion, VSLS from oceanic emissions led to an accumulation within the 

lowermost atmosphere. The resulting low concentration gradients dampened the oceanic emissions 

and led to minor variations of the marine atmospheric abundances. The VSLS enriched air masses 

stayed below the inversion layer(s) and were mainly transported horizontally. Within convective 

activity they could be lifted to the upper troposphere and tropopause. On the opposite, VSLS 

abundances at the surface and in the MABL were relatively low at coastal regions of the South China 

and Sulu Seas, despite the high elevated oceanic concentrations and emissions in this area. Here, a 

convective instable MABL and deep tropical convection led to a rapid exchange of surface air to the 

free troposphere and a fast distribution of oceanic emissions within the free troposphere. The rapid 

vertical transport was identified to explain the observed low MABL VSLS mixing ratios. Free 

tropospheric abundances of bromoform above the South China and Sulu Seas were shown to 

originate almost entirely from the local South China Sea, while dibromomethane and methyl iodide 

in contrast were found to be largely advected from the coast of Borneo and the Philippines and from 

the open West Pacific. 
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Manuscript overview 

 

This thesis is based on the following manuscripts: 

 

1. Manuscript: Fuhlbrügge S., Krüger K., Quack B., Atlas E., Hepach H. and Ziska F.: “Impact of the 

marine atmospheric boundary layer conditions on VSLS abundances in the eastern tropical and 

subtropical North Atlantic Ocean”, Atmospheric Chemistry and Physics, 13, 6345-6357, 

10.5194/acp-13-6345-2013, published 2013. 

 

1.1. Contribution: The results of the manuscript are partly based on the Diploma thesis “Analysis 

of atmospheric VSLS measurements during the DRIVE campaign in the tropical East Atlantic” 

by S. Fuhlbrügge. For the ACP publication, data and figures in the manuscript have been 

intensively revised and complimented with new results by S. Fuhlbrügge. The manuscript 

was written by S. Fuhlbrügge. K. Krüger and B. Quack provided input for the preparation and 

revision of the manuscript. H. Hepach computed the VSLS sea-air fluxes and wrote section 

3.4. F. Ziska took atmospheric samples and launched the radiosondes during the DRIVE 

cruise. E. Atlas analysed the atmospheric VSLS samples. 

 

2. Manuscript: Hepach H., Quack B., Ziska F., Fuhlbrügge S., Atlas E., Krüger K., Peeken I., and 

Wallace D. W. R.: “Drivers of diel and regional variations of halocarbon emissions from the 

tropical North East Atlantic”, Atmospheric Chemistry and Physics, 14, 1255-1275, 

doi:10.5194/acp-14-1255-2014, published 2014. 

 

2.1. Contribution: H. Hepach measured the halocarbons in the sea surface water, evaluated the 

data, carried out the calculations, and wrote the manuscript. B. Quack contributed to the 

manuscript preparation and the review process. F. Ziska took air samples and launched 

radiosondes during the DRIVE cruise. S. Fuhlbrügge analysed and evaluated the 

meteorological data. E. Atlas measured the atmospheric VSLS samples. I. Peeken measured 

and calculated the phytoplankton pigments. F. Ziska, S. Fuhlbrügge, E. Atlas, I. Peeken, K. 

Krüger and D. W. R. Wallace helped revising the manuscript.  
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3. Manuscript: Fuhlbrügge S., Quack, B., Tegtmeier, S., Atlas, E., Hepach, H., Shi, Q., Raimund, S., 

and Krüger, K.: “The contribution of oceanic very short lived halocarbons to marine and free 

troposphere air over the tropical West Pacific”, Atmospheric Chemistry and Physics Discuss., 15, 

17887-17943, doi:10.5194/acpd-15-17887-2015, published for discussion 2015. 

 

3.1. Contribution: S. Fuhlbrügge and K. Krüger took atmospheric samples and launched 

radiosondes during the SHIVA cruise. S. Fuhlbrügge analysed the data, developed the 

methodologies and wrote the manuscript. K. Krüger and B. Quack assisted with the 

campaign preparation and post-processing, and provided input during the preparation of 

the manuscript. S. Tegtmeier calculated the FLEXPART runs and provided helpful comments 

during the preparation of the manuscript. E. Atlas analysed the atmospheric VSLS samples. 

H. Hepach, Q. Shi and S. Raimund measured halocarbons in the sea surface water. 

 

4. Manuscript: Sentian J., Xiang, C. T., Jing, H. C., Quack, B., Fuhlbrügge, S., Krüger, K., and Atlas, E.: 

“Observation of the Variations of Very Short-Lived Halocarbon Emissions in Tropical Coastal 

Marine Boundary Layer”, Advanced Science Letters, 21, 144-149, doi:10.1166/asl.2015.5856, 

published 2015. 

 

4.1. Contribution: S. Fuhlbrügge and K. Krüger took the atmospheric VSLS samples during the 

SHIVA cruise. E. Atlas analysed the atmospheric VSLS samples. J. Sentian wrote the 

manuscript. B. Quack took the water samples and computed the VSLS sea-air fluxes. 

 

5. Manuscript: Fuhlbrügge, S., Quack B., Atlas E., Fiehn A., Hepach H., Krüger K.: “Meteorological 

constraints on oceanic halocarbons above the Peruvian Upwelling”, Atmospheric Chemistry and 

Physics Discuss., 15, 20597-20628, doi:10.5194/acpd-15-20597-2015, published for discussion 

2015. 

 

5.1. Contribution: S. Fuhlbrügge took the atmospheric VSLS samples and launched radiosondes 

during the M91 cruise, analysed the data, and wrote the manuscript. K. Krüger and B. Quack 

assisted with the campaign preparation and post-processing, and provided input during the 

preparation of the manuscript. E. Atlas analysed the atmospheric VSLS samples. A. Fiehn 

calculated the FLEXPART runs. H. Hepach measured halocarbons in the sea surface water. 
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6. Manuscript: Hepach H., Quack B., Tegtmeier S., Engel A., Bracher A., Fuhlbrügge S. , Galgani L., 

Raimund S., Atlas E., Lampel J. und Krüger K.: “Biogenic halocarbons from the Peruvian upwelling 

as tropospheric halogen source”, to be submitted. 

 

6.1. Contribution: H. Hepach measured the halocarbons in surface water, calculated iodocarbon 

fluxes and wrote the manuscript. B. Quack helped writing the manuscript, interpreted the 

data and provided input during the correction of the manuscript. S. Tegtmeier calculated the 

contributions of organoiodine to IO and provided input during the correction of the 

manuscript. A. Engel and L. Galgani measured DOM in the SML and the subsurface and 

helped interpreting the data. A. Bracher provided the phytoplankton measurements and 

helped correcting the manuscript. S. Fuhlbrügge took the air samples and provided input 

during manuscript preparation. S. Raimund measured the halocarbon in the depth profiles. 

E. Atlas measured the atmospheric samples. J. Lampel was responsible for IO data onboard 

RV Meteor. K. Krüger helped correcting the manuscript. 
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1. Introduction 
 

Atmospheric halogenated trace gases from natural sources play a significant role in the oxidation 

capacity of the troposphere and stratosphere (e.g. von Glasow and Crutzen, 2007;Simpson et al., 

2015). They also contribute to the atmospheric halogen loading and to the ozone budget. For 

example natural halocarbons from the ocean contribute up to 25 % to the halogen burden in the 

stratosphere (Dorf et al., 2006) and significantly deplete ozone there (Salawitch et al., 

2005;Sinnhuber and Folkins, 2006;Yang et al., 2014). To estimate the global contribution of natural 

halocarbons, marine and atmospheric observations were investigated during various measurement 

campaigns around the globe (e.g. Quack and Suess, 1999;Carpenter et al., 2007;Brinckmann et al., 

2012). Surface observations of these natural halocarbons were taken in the atmospheric boundary 

layer and their abundance thus may be influenced by meteorological conditions there such as the 

extent and condition of the boundary layer. The investigation of these natural halocarbons and their 

transport pathways in the lower atmosphere will help to identify source regions and hot spots in the 

ocean and help to evaluate the contribution of source regions to atmospheric abundances. This 

thesis concentrates on three halocarbons with natural sources in the oceans: Methyl iodide, an 

important carrier of iodine to the atmosphere (Saiz-Lopez et al., 2012), as well as bromoform and 

dibromomethane, which are the largest natural contributors to atmospheric bromine (Penkett et al., 

1985;Quack and Wallace, 2003;Hossaini et al., 2012). 

 

1.1 Halocarbons 
 

The collective term ‘halocarbon’ refers to a broad spectrum of hydrocarbons in which at least one 

carbon atom is linked covalently to one or more halogen atoms, e.g. fluorine, chlorine, bromine or 

iodine. Anthropogenic halocarbons containing chlorine and fluorine, the so called 

chlorofluorocarbons (CFCs) and those containing bromine, the so called halons, were widely used as 

propellants, fire extinguishants, refrigerants and solvents since the 1930s. The emissions and the 

inert characteristic of these anthropogenic halocarbons led to an accumulation of these compounds 

in the atmosphere, which was first reported by Lovelock (1971) and by Lovelock and Maggs (1973). 

Solar radiation in the stratosphere can release halogen radicals from these halocarbons. The radicals 

are then involved in catalytic ozone cycles, leading to ozone loss in the stratosphere. Although this 

reaction was already suggested by Molina and Rowland (1974), it was not generally accepted in the 

scientific community until the discovery of the Antarctic ozone hole by Chubachi (1984) and Farman 
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et al. (1985). With the commencement of the Montreal Protocol in January 1989 the signatory states 

committed to fully abolish anthropogenic halocarbon emissions. Indeed, a decrease of the 

atmospheric halocarbon abundances and a slow recovery of the stratospheric ozone layer were 

observed in the last years (Pawson and Steinbrecht, 2015). The very long atmospheric lifetimes of 

certain halocarbons, e.g. CFC-11 with 52 years and CFC-12 with 102 years, lead to a delayed 

reduction of these compounds in the atmosphere (Pawson and Steinbrecht, 2015). With the decline 

of anthropogenic halocarbon emissions, naturally produced halocarbons and their contribution to 

the atmospheric halogen load moved further into the scientific focus (Ko and Poulet, 2003). In 

particular global climate changes e.g. sea surface temperature and wind speed changes, are expected 

to affect oceanic emissions of these halocarbons (Ziska et al., 2013). If the lifetime of a natural 

halocarbon exceeds transport timescales in the troposphere, it can be transported into the 

stratosphere, e.g. due to deep convection in the tropics (Montzka and Reimann, 2011). To estimate 

current and future halocarbon emissions from natural sources and their transport pathways in the 

atmosphere it is fundamental to investigate and identify present halocarbon source regions and their 

particular contribution to the atmospheric halogen loading. Therefore this thesis presents new 

unpublished halocarbon observations to improve global halocarbon climatologies, develops a 

method to estimate the contribution of natural halocarbons emissions to the observed boundary 

layer and free troposphere abundances, and investigates the meteorological constraints especially of 

boundary layer conditions on marine atmospheric halocarbon abundances. 

 

1.2 Very Short-Lived Substances (VSLS) 
 

Halogenated trace gases with local tropospheric lifetimes of less than 6 months and mainly natural 

sources have been summarized as Very Short-Lived Substances (VSLS) and can significantly 

contribute to the atmospheric halogen load (Ko and Poulet, 2003;Dorf et al., 2006;Law and Sturges, 

2007;Montzka and Reimann, 2011). 

 

1.2.1 Marine sources 

 

VSLS sources mainly originate from the ocean. Marine abundances of bromoform and 

dibromomethane are known to originate from biotic sources. The production of both compounds in 

the open ocean is attributed predominantly to phytoplankton (Fogelqvist, 1985;Class and 

Ballschmiter, 1988;Moore and Tokarczyk, 1993;Quack and Wallace, 2003). In coastal regions, macro 
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algae such as brown, green and red algae are known to be dominant producers of oceanic 

bromoform and dibromomethane (Gschwend et al., 1985;Nightingale et al., 1995;Quack et al., 

2004;Law and Sturges, 2007). Methyl iodide can be produced by algae and phytoplankton (Hughes et 

al., 2011;Manley and Dastoor, 1988;Manley and de la Cuesta, 1997), as well as abiotic due to 

photochemical processes in surface sea water (Butler et al., 2007;Chuck et al., 2005;Happell and 

Wallace, 1996;Moore and Zafiriou, 1994). 

 

1.2.2 Sea-air gas exchange 

 

Brominated and iodinated VSLS are predominantly emitted from the ocean. Known global emissions 

range from 116 – 820 Gg Br yr-1 for bromoform, 57 – 280 Gg Br yr-1 for dibromomethane and 157 –

 550 Gg I yr-1 for methyl iodide (Table 1-1). While the majority of studies reveal a significantly higher 

contribution of coastal emissions to global emissions for bromoform with up to 81 %, 

dibromomethane and methyl iodide are mainly emitted from the open ocean with up to 78 % and 

89 % respectively (Ziska et al., 2013). Although these estimates reveal large uncertainties due to the 

high spatial and temporal variability of the oceanic emissions, different emission estimates (top-

down versus bottom-up approaches) and limited input data, elevated emissions are generally found 

in tropical regions (Yokouchi et al., 2005;Montzka and Reimann, 2011). While top-down estimates 

reproduce oceanic emissions via a synchronization of atmospheric VSLS-data with simulations of 

chemistry climate models, bottom-up estimates take surface measurements to compute air-sea 

fluxes directly. Ziska et al. (2013) were the first who established and used a database of worldwide 

halogenated VSLS observations (HalOcAt, https://halocat.geomar.de/de) for their bottom-up 

estimates. Since they used the highest number of available observations, their computed oceanic 

fluxes appear most reliable. However, the data base is very sparse which reveals the need for further 

observations to investigate the variability of the oceanic emissions und to improve these estimates. 

VSLS observations of the first and second manuscript (DRIVE) are already included in the HalOcAt 

database, which was used for the Ziska climatology (Ziska et al., 2013). Measurements of the 

remaining manuscripts (3 - 6) are planned to be integrated into the HalOcAt database for future 

global VSLS climatologies. 
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1.2.3 Sea-air flux parameterization 

 

Direct flux measurement techniques of bromoform, dibromomethane and methyl iodide are still in 

development and testing. To investigate the sea-air gas exchange of these compounds, their fluxes 

are parameterized. Generally, a flux F between two fluids can be described after Eq. 1, with k as a 

transfer coefficient and ∆c as the concentration gradient between the two fluids: 

𝐹 = 𝑘 ∙ ∆𝑐 (Eq. 1) 

 

Liss and Slater (1974) were the first to present a simple two-layer model of a flat gas-liquid interface 

(Figure 1-1). Assuming the gas film to obey the solubility of a gas in a liquid after Henry’s Law and the 

main resistance occurring at the transfer through the specific gas/liquid film, Eq. 1 can be 

transformed into Eq. 2, with kl as the transfer coefficient for the liquid, H as the Henry’s Law 

coefficient that varies 

Table 1-1: Oceanic emissions of bromoform and dibromomethane in Gg Br yr-1, and methyl iodide in 

Gg I yr-1. Coast includes shelf estimates. Studies using a bottom-up approach are marked by ↑, top-

down by ↓ and model studies by ○. Ziska et al. (2013) uses 2 different methods, robust fit (RF) and 

ordinary least squares (OLS). 

 

Reference 

Bromoform Dibromomethane Methyl iodide 

Global 
Open 

Ocean 
Coast Global 

Open 

Ocean 
Coast Global 

Open 

Ocean 
Coast 

Bell et al. (2002) ○       305   

Quack and W. (2003) ↑ 800 241 559       

Yokouchi et al. (2005) ↑ 820         

Warwick et al. (2006) ↓ 560 280 280 100      

Butler et al. (2007) ↑ 800 150 650 280 50 230 550 270 280 

Kerkweg et al. (2008) ↓ 596   113      

Carpenter et al. (2009) ↑   200       

O’Brien et al. (2009) ↑ 820         

Palmer et al. (2009) ↑ 116         

Liang et al. (2010) ↓ 430 260 170 57 34 23    

Pyle et al. (2011) ↓ 382   100      

Ordonez et al. (2012) ↓ 533   67   213   

Ziska et al. (2013) OLS ↑ 199 50 149 78 61 17 184 163 21 

Ziska et al. (2013) RF ↑ 120 30 90 62 48 14 157 137 20 
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with temperature and salinity, cg as 

the concentration in the gas and cl as 

the concentration in the liquid. In 

case of a low solubility of a gas in the 

liquid, Eq. 2 can be used to calculate 

the net flux (Nightingale, 2009). 

However, diffusion in the molecular 

layers can only be estimated which means the transfer coefficient kl has to be parameterized. 

𝐹 = 𝑘𝑙 ∙ (
𝑐𝑔

𝐻
− 𝑐𝑙) (Eq. 2) 

 

Since various factors are known to influence the sea-air flux, e.g. wind speed, turbulence, heat flux, 

and mixing depths the range of known transfer coefficients reveals the complexity of considering all 

these factors (Wanninkhof et al., 2009;Garbe et al., 2014). To describe the viscosity of a gas in water, 

the Schmidt number Sc (Table 1-2) is used, which is defined as the ratio of momentum diffusivity (ϑ) 

to the diffusivity for mass transfer. The estimation of the transfer coefficients kl for bromoform, 

dibromomethane and methyl iodide is based on a power law dependence of the parameterization by 

Nightingale (2009), which lies well in range of known transfer coefficients and is expressed for a 

Schmidt number of 600 for CO2 at 20 °C in fresh water (Eq. 3) with u10 as a 10 minute wind speed 

mean at 10 m height. 

𝑘600 = 0.222 ∙ 𝑢10
2 + 0.333 ∙ 𝑢10 (Eq. 3) 

 

The specific diffusion coefficients can then be computed after Eq. 4 (Quack and Wallace, 2003), 

which leads to the final equation for the net sea-air flux (Eq. 5). 

Table 1-2: Schmidt numbers (ScVSLS) and Henry’s Law coefficient (HVSLS) for bromoform, 

dibromomethane and methyl iodide with T as liquid temperature (Hayduk and Laudie, 1974;Wilke 

and Chang, 1955;Sander, 1999;Moore et al., 1995a;Moore et al., 1995b;Quack and Wallace, 2003). 

VSLS ScVSLS HVSLS 

Bromoform 
𝜗

1.93 ∙ 10−9 ∙ 𝑇2 + 1.686 ∙ 10−7 ∙ 𝑇 + 4.0342 ∙ 10−6
 𝑒

(
−4973

𝑇+273.15
+13.16)

 

Dibromomethane 
𝜗

2.23 ∙ 10−9 ∙ 𝑇2 + 1.9699 ∙ 10−7 ∙ 𝑇 + 4.71321 ∙ 10−6
 𝑒

(
−4418

𝑇+273.15
+11.7)

 

Methyl iodide 
𝜗

2.10 ∙ 10−9 ∙ 𝑇2 + 1.76 ∙ 10−7 ∙ 𝑇 + 4.2 ∙ 10−6
 𝑒

(
−4338

𝑇+273.15
+13.22)

 
 

 

 

Figure 1-1: Two-layer model of sea-air gas exchange through 

an interface. Adopted from Liss and Slater (1974). 
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𝑘𝑉𝑆𝐿𝑆 = 𝑘600 ∙ (
600

𝑆𝑐𝑉𝑆𝐿𝑆
)0.5 (Eq. 4) 

𝐹 = 𝑘𝑉𝑆𝐿𝑆 ∙ (𝑐𝑙 −
𝑐𝑔

𝐻𝑉𝑆𝐿𝑆
) (Eq. 5) 

 

The fluxes of bromoform, dibromomethane and methyl iodide are used in order to estimate the 

contribution of oceanic emissions to atmospheric abundances. 

 

1.2.4 Tropospheric abundances 

 

The increasing number of atmospheric surface 

halogenated VSLS data points around the globe during 

the last decades helped to improve global VSLS 

climatologies (e.g. Warwick et al., 2006;Ziska et al., 

2013) (Figure 1-2). Elevated mixing ratios of most 

brominated VSLS are found predominantly in coastal 

regions and in the tropics due to elevated oceanic 

emissions in these areas (Section 1.2.2). In tropical 

regions, the VSLS and their product gases can be 

transported by (deep) convection into higher altitudes 

when their atmospheric lifetimes are longer than 

transport processes in the atmosphere (Quack et al., 

2004;Salawitch, 2006;Aschmann et al., 2009;Aschmann 

et al., 2011;Ashfold et al., 2012). The atmospheric 

lifetimes of bromoform, dibromomethane and methyl 

iodide are governed by several chemical reactions, once 

they are emitted into the atmosphere. Both bromoform 

and dibromomethane are degraded by photolysis and 

hydroxyl radicals (OH) (Figure 1-3). A source for OH 

radicals in the troposphere is ozone (O3). Although about 

90 % of global ozone is found in the stratosphere, 

tropospheric ozone acts as a toxic pollutant and 

greenhouse gas (Crutzen, 1971;Reeves et al., 

2002;Weinhold, 2008;Stevenson et al., 2013). 

 

Figure 1-2: Global maps of atmospheric 

surface mixing ratios [ppt] of bromoform 

(CHBr3), dibromomethane (CH2Br2) and 

methyl iodide (CH3I) computed by Ziska 

et al. (2013) 
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Figure 1-3: Tropospheric degradation scheme of bromoform (CHBr3) and dibromomethane (CH2Br2) 

after Hossaini et al. (2010). Organic species are shown in red boxes, fast reactions are given by blue 

lines and the production of Bry is given by dashed lines. 

 

While bromoform is predominantly degraded by photolysis, dibromomethane is mainly degraded by 

reactions with OH. Estimates on the atmospheric lifetimes of bromoform and dibromomethane in 

the tropics have strongly varied during the past (McGivern et al., 2002;Ko and Poulet, 2003;McGivern 

et al., 2004;Law and Sturges, 2007). Most recent studies reveal a mean lifetime for bromoform of 15 

days in the MABL and 17 days in the entire troposphere, respectively 94 days and 150 days for 

dibromomethane (Carpenter and Reimann, 2015). The major primary oxidation products of 

bromoform are carbonyl bromide (CBr2O) and formyl bromide (CHBrO). The latter is also the major 

degradation product of dibromomethane. These compounds furthermore release HBr, HOBr and 

BrO, summarized as Bry due to photolysis as reactive bromine, which has been shown to be 60 times 

more effective in ozone destruction than chlorine (Montzka and Reimann, 2011). Von Glasow (2004) 

and Yang et al. (2005) simulated a decrease of the tropospheric ozone by 5 to 30 % when considering 

bromine in the troposphere. Chemical degradation of methyl iodide in the MABL and free 

troposphere is even faster with a mean lifetime of 3, respectively 4 days (Carpenter and Reimann, 

2015). It is rapidly photolyzed into inorganic iodine (Iy). Once Bry and Iy are released into the 

atmosphere they enter catalytic reaction cycles with ozone (O3). Catalytic key reactions in the 

troposphere involving halogen oxidation and halogen oxide self-reactions are (Read et al., 2008): 
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  𝑂3 + 𝑋 → 𝑋𝑂 + 𝑂2 (R2.1) 

𝑂3 + 𝑋 → 𝑋𝑂 + 𝑂2 (R1.1) 𝑂3 + 𝑌 → 𝑌𝑂 + 𝑂2 (R2.2) 

𝑂 + 𝑋𝑂 → 𝑋 + 𝑂2 (R1.2) 𝑋𝑂 + 𝑌𝑂 → 𝑋 + 𝑌 + 𝑂2 (R2.3) 

net:  𝑂 + 𝑂3 → 2𝑂2 (R1.3) net:  2𝑂3 → 3𝑂2 (R2.4) 

 

Here, X and Y are representative for halogen radicals, either bromine (Br), or iodine (I) (or chlorine, 

Cl). They react within seconds with ozone and produce halogen oxides (XO, YO). The halogen radicals 

can also suppress ozone formation by perturbing HO2/OH ratios (von Glasow et al., 2004): 

𝑋𝑂 +𝐻𝑂2 → 𝐻𝑂𝑋 + 𝑂2 (R3.1) 

𝐻𝑂𝑋 + ℎ𝜈 → 𝑂𝐻 + 𝑋 (R3.2) 

 

Saiz-Lopez et al. (2014) estimated the integrated contribution of catalytic iodine reactions to the total 

rate of tropospheric ozone loss to be up to 5 times larger than the combined bromine and chlorine 

cycles. 

 

1.3 The Marine Atmospheric Boundary Layer (MABL) 
 

For surface trace gas observations it is fundamental to investigate the stability and structure of the 

lowermost atmosphere, which usually extends from the surface up to about 3 km height. 

Atmospheric constituents such as gases and aerosols emitted into the MABL are gradually dispersed 

before they are completely mixed within approximately one hour in the MABL due to turbulence and 

convection (Stull, 1988;Holton and Hakim, 2012). However, under stable conditions in the MABL 

complete mixing is often not fully reached (Seibert et al., 2000). MABL conditions can be observed by 

direct measurements (e.g. radiosondes, tethered balloons, weather masts, and aircrafts) and by 

remote sensing techniques (e.g. Doppler weather radars, LiDAR and SODAR). Two different kinds of 

MABLs exist (Figure 1-4), the convective boundary layer (CBL) and the stable boundary layer (SBL). 

The CBL consists of a surface layer (SL), which extents up to 100 m height and is strongly influenced 

by the Earth’s surface, e.g. heating or cooling of the surface, evaporation and friction. Above lies the 

so-called mixed layer (ML) in which compounds are vertically well mixed. In the SL and ML, mixing 

occurs due to turbulence. The transition from the ML to the free troposphere is called entrainment 

layer (EL), where turbulence and vertical transport decline towards the top. In this thesis, the MABL 

height in the case of a convective boundary layer is chosen as the centre of the EL. The SBL can also 

be split into two layers, a lower layer of continuous turbulence (CTL) and a layer of sporadic  
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turbulence (STL) above. In case of low wind speeds and a strong stability of the lower atmosphere 

the STL can even extend to the ground and lead to very low boundary layer heights and thus a very 

small volume of air in which compounds are mixed (Figure 1-4, right side). With increase of the wind 

speed in the CTL, turbulence leads to an increase of the MABL height (b, c) (Seibert et al., 2000). In 

this thesis, CBL and SBL are investigated above different oceanic regimes by radiosonde launches. 

Major foci are mixing of trace gases within the MABL and the transport of surface air masses out of 

the MABL into the free troposphere under convective and stable MABL conditions. These require the 

determination of the MABL height and condition as well as the computation of trajectories to 

estimate the timescales of surface air remaining in the MABL, respectively leaving the MABL. 

  

 

Figure 1-4: Exemplary profiles of convective (left) and stable (right) boundary layers (Stull, 

1988;Seibert et al., 1997, 2000), virtual potential temperature (Θv, red), humidity (q, blue) and wind 

speed (V, green). The height of the boundary layer is given by h, the Surface Layer by SL, the Mixed 

Layer by ML, the Entrainment Layer by EL, the Continuously Turbulence Layer by CTL, and the 

Sporadic Turbulence Layer by STL. The height of the SBL varies with the height of the STL: (a) STL 

reaches the surface, (b) and (c) a CTL leads to an increase of the SBL height. 



 
10 Meteorological constraints on marine atmospheric halocarbons 

1.3.1 MABL height determination from radiosoundings 

 

The height of the MABL determines the available volume in which compounds are rapidly mixed and 

is therefore an essential parameter e.g. for air pollution studies. Unfortunately, it is a rather 

unspecific meteorological quantity, with different definitions and estimations (Stull, 1988;Garratt, 

1990;Seibert et al., 2000). In this thesis, the MABL is investigated by radiosonde observations. 

Definitions and characteristics of the MABL as well as methods to determine its height are adopted 

from Seibert et al. (2000). The MABL height can be determined from radiosonde derived atmospheric 

profiles of temperature, humidity and wind. With this data it can be derived objectively and 

subjectively. Objective methods include e.g. the Holzworth method (Holzworth, 1964, 1967, 1972), 

which basically starts at the surface with the measured temperature and follows the dry adiabate up 

to the point of intersection with the temperature of the most recent radiosounding. However, this 

method strongly depends on the surface temperature and thus results in high uncertainties of the 

estimated MABL height (Aron, 1983, 1985). Another objective method is the computation of the bulk 

Richardson number Rib (Troen and Mahrt, 1986;Vogelezang and Holtslag, 1996). It is a dimensionless 

number that relates the vertical stability to the vertical shear, respectively the thermally produced 

turbulence to shear induced turbulence, which makes it only suitable for unstable convective 

conditions (Seibert et al., 2000). Rib is computed at the height z from radiosonde measurements after 

Eq. 6 with g as the acceleration of gravity, Θv(z) as the virtual potential temperature at level z, Θv1 as 

the virtual potential temperature at ground level, U(z) as the zonal wind at level z and V(z) as the 

meridional wind at level z. If Rib reaches a critical value of 0.25, z(Rib ≥ 0.25) defines the height of the 

MABL (Sørensen et al., 1996). 

𝑅𝑖𝑏(𝑧) =
𝑔𝑧

𝛩𝑣1

𝛩𝑣(𝑧) − 𝛩𝑣1
𝑈(𝑧)2 + 𝑉(𝑧)2

 (Eq. 6) 

 

The potential temperature Θ describes the temperature of an air parcel that is lifted adiabatically to 

a surface pressure level p (von Bezold, 1888). In case of condensation and evaporation Θ is replaced 

by the virtual potential temperature Θv.  

Besides this objective method the MABL height can be determined subjectively from the 

radiosoundings as well. Here, the temperature, humidity and wind profiles of the lower troposphere 

are used to identify stable layers under convective conditions. These stable layers, e.g. a temperature 

inversion, often coincide with significant reductions of humidity and wind shear (Seibert et al., 2000). 

Since the identification of stable layers in temperature profiles is not always straight forward, Θv can 

be used instead of the air temperature (Stull, 1988). Here, in case of a CBL, a decrease of Θv reveals 
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unstable atmospheric conditions, a constant Θv neutral atmospheric conditions and an increase of Θv 

the beginning of a stable layer (Figure 1-4). Stull (1988) suggested to take the base of the stable layer 

increased by half of the stable layer depth as the MABL height. Under SBL conditions, the stable layer 

can even reach the surface. In this case the MABL height depends on sporadic turbulence and can 

therefore be distinguished from vertical wind shear which influences the vertical gradient of Θv 

(Figure 1-4, SBL case: a, b, c). 

 

1.3.2 Transport modelling 

 

The transport timescale of MABL air into the free troposphere in this thesis were determined from 

the residence time of surface trajectories below the determined MABL height. These trajectories 

were computed with the Lagrangian Particle Dispersion Model FLEXPART, developed at the 

Norwegian Institute for Air Research in the Department of Atmospheric and Climate Research (Stohl 

et al., 2005). The model includes various parameterizations, e.g. for boundary layer and free 

troposphere turbulence and moist convection (Stohl and Thomson, 1999;Forster et al., 2007). 6-

hourly meteorological input fields from the assimilation reanalysis product ERA-Interim (Dee et al., 

2011) were used, including air temperature, boundary layer height, horizontal and vertical wind, 

humidity and convective, respectively large scale precipitation with a spatial resolution of 1° x 1° at 

60 vertical levels up to 0.1 hPa. Except for the DRIVE ship campaign, radiosonde observations were 

instantly uploaded and assimilated into the Global Telecommunication System (GTS) to improve the 

accuracy of the ERA-Interim meteorological input fields for our investigations. For the investigation of 

the air mass transport, 10,000 trajectories were launched along the cruise tracks during SHIVA and 

M91. The release events were synchronized with the sampling of atmospheric and surface ocean 

data on the ships and performed within a time frame of ± 30 minutes and an area of 400 m2 around 

the measurement locations. The time, these trajectories needed to exceed the determined MABL 

height was then related to the contribution of oceanic emissions to the MABL air content of the 

three investigated VSLS. In this mass balance calculation, the oceanic delivery acted against the loss 

of trajectories out of the MABL and the chemical degradation of the compounds in the MABL. The 

resulting imbalance was compensated by the advective delivery, respectively background 

concentration of the compounds in the MABL. 

To estimate the contribution of MABL air and the VSLS therein to free tropospheric abundances, the 

volume of MABL air (400 m2 x specific MABL height) was equally distributed to the trajectories of 

each release event. Each air parcel was then transported along the trajectory and related to the free 

tropospheric air masses above the measurement location of 400 m2 assuming no horizontal 
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distribution. In combination with the source-loss estimate from the oceanic emissions, a direct 

contribution of the ocean to the free tropospheric VSLS abundances was derived. The methods are 

explained in detail in manuscript 3 and 5. 

 

1.4 VSLS study regions 
 

Tropical regions generally show the highest oceanic emissions of VSLS (Section 1.2.2). Krüger and 

Quack (2013) identified the tropical West Pacific as a strong oceanic source for atmospheric bromine. 

In addition, convective transport can lead to significant contribution of VSLS to the halogen budget in 

the free troposphere and stratosphere (Section 1.2.4). This thesis concentrates on three different 

tropical oceanic regimes of VSLS and their contributions to atmospheric abundances: open ocean, 

coasts and upwelling regions. Coastal upwelling regions of tropical oceans are investigated by the 

DRIVE campaign in the Northeast Atlantic and by the M91 campaign in the Southeast Pacific (Section 

1.4.1). The open ocean and coastal regions are covered by the SHIVA campaign in the South China 

and Sulu Seas (Section 1.4.2). 

 

1.4.1 Oceanic upwelling in the Northeast Atlantic and the Southeast Pacific 

 

Coastal oceanic upwelling is caused by the combination of steady winds blowing along coasts and the 

Earth’s Coriolis force. At the eastern boundaries of tropical oceans, southward surface winds on the 

northern hemisphere can create surface stress that leads to a net movement of surface water to the 

right due to Ekman transport, respectively to the left for northward winds on the southern 

hemisphere (Colling, 2001). The surface water is then replaced by cold and dense, nutrient rich deep 

upwelling water (Mann and Lazier, 2006). Coastal upwelling regions are linked to enhanced primary 

and VSLS production (Quack et al., 2007b;Carpenter et al., 2009;Raimund et al., 2011;Hepach et al., 

2014) and may therefore significantly contribute to the atmospheric VSLS budget. Two different 

coastal upwelling regions are part of the investigations in this thesis, the Mauritanian upwelling in 

the Atlantic Ocean and the Peruvian upwelling in the Pacific Ocean. Upwelling along the Mauritanian 

coast occurs between 10° N – 25° N and is bound to seasonal variations of the trade winds 

(Mittelstaedt, 1986;Tomczak and Godfrey, 2003). The Peruvian upwelling extents between 4° N and 

40° S along the west coast of South America. In this region, the northward winds sustain oceanic 

upwelling throughout the year (Zuta and Guillén, 1970;Tarazona and Arntz, 2001). Given that oceanic 
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upwelling areas are expected to be source regions for VSLS in the atmosphere, the transport of 

warmer surface air over cold upwelling water is expected to lead to stable atmospheric boundary 

layer conditions and thus a suppressed vertical mixing (Höflich, 1972). The influence of these marine 

regimes on the atmospheric VSLS is one key investigation of this thesis. 

 

1.4.2 The South China and Sulu Seas in the tropical West Pacific 

 

The South China Sea is part of the Pacific Ocean and can be described as marginal sea. Almost 

completely surrounded by land mass it covers an area of about 3.3 million km2 and includes 

hundreds of islands, atolls, reefs and banks. Major rivers flowing into the South China Sea are e.g. 

Jiulong, Mekong, Min, Pahang, Pampanga, Pearl and Rajang (Morton and Blackmore, 2001). Due to 

its geographical position between the equator and the Tropic of Cancer at 22° N, and between 100° – 

120° E (IHO, 1953) it is influenced by the moist Southwest Monsoon in summer, which leads to a 

clockwise ocean circulation pattern of the South China Sea, and by the dry Northeast Monsoon in 

winter, which creates an anticlockwise circulation pattern in the South China Sea. Adjacent to the 

South China Sea in the southeast and separated by Palawan is the Sulu Sea (Morton and Blackmore, 

2001). The Sulu Sea covers about 0.4 million km2 and includes several islands and reefs (IHO, 1953). 

Throughout the year it is dominated by western currents. Both, the South China and Sulu Seas are 

furthermore known to be habitat for several macro algae species (Morton, 1993;Liao et al., 2013) 

that lead to elevated oceanic concentrations of brominated VSLS (Nadzir et al., 2014) and significant 

halocarbon emissions in this region (Ziemianski et al., 2005;Leedham et al., 2013); these VSLS may be 

transported into higher altitudes of the atmosphere and contribute to oxidation of the atmosphere 

(Section 1.2.4). Therefore this thesis as well investigates the VSLS contribution from oceanic 

emissions of this hot spot region to the MABL and the free troposphere abundances. Vertical 

transport timescales in this expected strong convective region are investigated and ship and aircraft 

observations in the South China and Sulu Seas are compared and interpreted. 
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2. Thesis outline 
 

The aim of this thesis is to investigate the influence of marine emissions and meteorological 

constraints on atmospheric VSLS (here: bromoform, dibromomethane and methyl iodide) 

abundances above the oceans. The results are based on ship observations in the Northeast Atlantic 

during DRIVE, in the South China and Sulu Seas during the combined ship and aircraft campaign 

SHIVA and in the Southeast Pacific during the M91 ship cruise. The investigations of this thesis 

started from the knowledge that brominated and iodinated VSLS are released from ocean surface 

waters, and enhanced atmospheric mixing ratios of e.g. bromoform are observed above coastal areas 

and upwelling regions, e.g. off the coast of Mauritania (Quack et al., 2007a). However, local oceanic 

emissions were not sufficient to explain the observed high atmospheric mixing ratios and implied 

either the need for an additional source of bromoform to the atmosphere, or an external additional 

factor. Available observations of the Mauritanian upwelling led to three new questions, which are 

addressed in the first manuscript “Impact of the marine atmospheric boundary layer conditions on 

VSLS abundances in the eastern tropical and subtropical North Atlantic Ocean” (Fuhlbrügge et al., 

2013): 

1. Is there an additional source for halocarbons in the Mauritanian upwelling? 

2. How do meteorological parameters and lower atmospheric conditions influence VSLS mixing 

ratios above the Mauritanian upwelling? 

3. Which factors drive the observed diurnal variability of atmospheric VSLS abundances in the 

tropical and subtropical Northeast Atlantic? 

The influence of meteorological parameters on oceanic emissions is investigated in the second 

manuscript “Drivers of diel and regional variations of halocarbon emissions from the tropical North 

East Atlantic” (Hepach et al., 2014) with the question: 

4. What influences diel and regional variations of VSLS emissions in the tropical Northeast 

Atlantic? 

To further improve the understanding of oceanic contributions to atmospheric VSLS abundances, this 

thesis also investigates atmospheric VSLS abundances in an expected tropical hot spot region with 

strong atmospheric convective activity. Due to high convective activity, local VSLS sources were 

expected to significantly contribute to the upper troposphere and stratosphere. The observations 

during SHIVA are investigated with a new method, which can reveal the contribution of oceanic 

emissions to marine atmospheric abundances. The development of a simple mass-balance model, 
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applying data from high resolution oceanic and atmospheric halocarbon measurements and 

radiosonde launches together with the investigation of atmospheric transport with FLEXPART, lead to 

the revelation of “The contribution of oceanic very short lived halocarbons to marine and free 

troposphere air over the tropical West Pacific” in manuscript 3 (Fuhlbrügge et al., 2015b) and the 

“Observation of the Variations of Very Short-Lived Halocarbon Emissions in Tropical Coastal Marine 

Boundary Layer” in the manuscript 4 (Sentian et al., 2015) under the research questions 

5. Are the South China and Sulu Seas significant source regions for atmospheric VSLS? 

6. What is the role of meteorological constraints on atmospheric VSLS abundances in this 

convective region? 

7. Can the oceanic VSLS emissions in these regions explain the MABL and free troposphere 

abundances observed on the ship and aircraft? 

8. How well do different atmospheric VSLS measurements compare with each other? 

The results of these studies raised new questions, whether the findings from the Mauritanian 

upwelling can be generalized for other oceanic upwelling regions, e.g. the Peruvian upwelling, where 

observations of oceanic VSLS emissions and atmospheric VSLS abundances were not present before 

the M91 cruise. The following questions were answered in manuscript 5: “Meteorological constraints 

on oceanic halocarbons above the Peruvian Upwelling” (Fuhlbrügge et al., 2015a) and manuscript 6: 

“Contributions of biogenic halogenated compounds from the Peruvian upwelling to the tropical 

troposphere” (Hepach et al., 2015, to be submitted): 

9. To what extent do oceanic VSLS emissions from the Peruvian upwelling contribute to the 

observed marine VSLS abundances? 

10. Are the VSLS observations from the Peruvian upwelling similar to the Mauritanian upwelling? 

11. Is the adjacency of atmospheric and marine VSLS controlled by oceanic upwelling regimes? 
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Abstract. During the DRIVE (Diurnal and Regional Vari-
ability of Halogen Emissions) ship campaign we investi-
gated the variability of the halogenated very short-lived
substances (VSLS) bromoform (CHBr3), dibromomethane
(CH2Br2) and methyl iodide (CH3I) in the marine atmo-
spheric boundary layer in the eastern tropical and subtropi-
cal North Atlantic Ocean during May/June 2010. The highest
VSLS mixing ratios were found near the Mauritanian coast
and close to Lisbon (Portugal). With backward trajectories
we identified predominantly air masses from the open North
Atlantic with some coastal influence in the Mauritanian up-
welling area, due to the prevailing NW winds. The maxi-
mum VSLS mixing ratios above the Mauritanian upwelling
were 8.92 ppt for bromoform, 3.14 ppt for dibromomethane
and 3.29 ppt for methyl iodide, with an observed maximum
range of the daily mean up to 50 % for bromoform, 26 % for
dibromomethane and 56 % for methyl iodide. The influence
of various meteorological parameters – such as wind, sur-
face air pressure, surface air and surface water temperature,
humidity and marine atmospheric boundary layer (MABL)
height – on VSLS concentrations and fluxes was investigated.
The strongest relationship was found between the MABL
height and bromoform, dibromomethane and methyl iodide
abundances. Lowest MABL heights above the Mauritanian
upwelling area coincide with highest VSLS mixing ratios
and vice versa above the open ocean. Significant high anti-
correlations confirm this relationship for the whole cruise.
We conclude that especially above oceanic upwelling sys-
tems, in addition to sea–air fluxes, MABL height variations
can influence atmospheric VSLS mixing ratios, occasionally

leading to elevated atmospheric abundances. This may add
to the postulated missing VSLS sources in the Mauritanian
upwelling region (Quack et al., 2007).

1 Introduction

Natural halogenated very short-lived substances (VSLS)
contribute significantly to the halogen content of the tropo-
sphere and lower stratosphere (WMO, 2011). On-going envi-
ronmental changes such as increases in seawater temperature
and nutrient supply, as well as decreasing pH, are expected
to influence VSLS production in the ocean. Thus, the oceanic
emissions of VSLS might change in the future and, in con-
nection with an altering efficiency of the atmospheric upward
transport, might lead to significant future changes of the halo-
gen budget of the troposphere/lower stratosphere (Kloster et
al., 2007; Pyle et al., 2007; Dessens et al., 2009; Schmit-
tner et al., 2008; Montzka and Reimann, 2011), as well as
changes to the tropospheric oxidation capacity (Hossaini et
al., 2012). Within the group of brominated VSLS, bromo-
form (CHBr3) and dibromomethane (CH2Br2) are the largest
natural sources for bromine in the troposphere and strato-
sphere. In combination with iodine compounds (i.e. methyl
iodide, CH3I), they can alter tropospheric oxidation pro-
cesses, including ozone depletion (Read et al., 2008). The
VSLS have comparably short tropospheric lifetimes (days to
months); however, they can be rapidly transported by deep
convection, especially in the tropics, to the upper troposphere
and lower stratosphere and contribute to ozone depletion

Published by Copernicus Publications on behalf of the European Geosciences Union.
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there (Warwick et al., 2006; WMO, 2007, 2011; Tegtmeier
et al., 2012, 2013). Previous studies have reported distinctive
halocarbon emissions in tropical coastal and shelf water re-
gions due to high biological productivity, i.e. by macro algae,
seaweed and phytoplankton (Gschwend et al., 1985; Manley
and Dastoor, 1988; Sturges et al., 1992; Moore and Tokar-
czyk, 1993; Carpenter and Liss, 2000; Quack et al., 2007).
Elevated mixing ratios of the compounds have been found
within the marine atmospheric boundary layer (MABL)
around the Cape Verde Islands with a mean (range) for
CHBr3 of 8 (2.0–43.7) ppt, CH2Br2 of 2 (0.7–8.8) ppt and
CH3I of 3 (0.5–31.4) ppt (O’Brien et al., 2009) and in the
area of the Mauritanian upwelling with a mean (range) of
CHBr3 around 6 (3–12) ppt (Carpenter et al., 2007; Quack
et al., 2007) and CH2Br2 of 2.4 (1.75–3.44) ppt by Quack
et al. (2007). These mean mixing ratios from the tropical
Atlantic Ocean agree well with other tropical oceanic ar-
eas (e.g. Atlas et al., 1993; Butler et al., 2007). Quack et
al. (2004) suggested regionally enhanced biogenic produc-
tion in the water column of the Mauritanian upwelling and a
high sea-to-air flux of VSLS to be responsible for elevated
tropospheric VSLS mixing ratios in this region. However,
Carpenter et al. (2007) and Quack et al. (2007) both pointed
out that the marine boundary layer height, besides additional
potential coastal sources, may affect the tropospheric VSLS
mixing ratios as well. The theory of warm offshore air flow-
ing over cool water and creating a stable internal boundary
layer, as suggested by Garratt (1990), applies well in the
area of the cold Mauritanian upwelling. Here, the sea surface
roughness and near surface turbulence reduce each other over
the water, while the flow leads to a collapse of turbulence
and a very stable stratification of the lowermost atmosphere,
as was observed by Vickers et al. (2001) at the coast of the
United States and modelled by Skyllingstad et al. (2005).

In this study, we present first results from the DRIVE (Di-
urnal and Regional Variability of Halogen Emissions)
ship campaign during May/June 2010, comprising high-
resolution meteorological and VSLS measurements. We in-
vestigate the meteorological constraints on the VSLS abun-
dances and whether the cold waters upwelled along the Mau-
ritanian coast have a verifiable influence on the atmospheric
boundary layer height and therefore on the mixing of air
within the lowermost troposphere. The accompanying study
by Hepach et al. (2013) investigates the VSLS sources in the
ocean and the sea-to-air fluxes in detail.

This paper begins with a short overview of the meteorolog-
ical conditions during the DRIVE cruise, followed by a data
and method description (Sect. 2.1). In Sect. 3 we present re-
sults from the meteorological and VSLS measurements and
the influence of meteorology and MABL height on the VSLS
mixing ratios and emissions. Finally, a summary is given in
Sect. 4.

2 Data and methods

2.1 Cruise overview

During May/June 2010 the DRIVE (P399/2-3) campaign ex-
amined the formation and emission of halocarbons and re-
active inorganic halogen compounds in the eastern tropical
and subtropical North Atlantic Ocean (Bange et al., 2011) as
part of the SOPRAN (Surface Ocean Processes in the An-
thropocene:www.sopran.pangaea.de) project. The main ob-
jectives are to investigate the diurnal and regional variability
of marine short-lived substances, as well as oceanic influ-
ences on the atmosphere.

The ship expedition was carried out on board the Ger-
man research vessel (R/V)Poseidon. The cruise itself was
split into two legs: P399/2 (31 May–17 June 2010) from Las
Palmas to Las Palmas and P399/3 (19–24 June 2010) from
Las Palmas to Vigo, Spain. For diurnal observations, hourly
VSLS measurements were performed at six 24 h stations dur-
ing leg P399/2. Positions and times of the 24 h stations are
given in Table 1. The location of the 24 h stations were cho-
sen to cover the nutrient-rich coastal upwelling region near
the Mauritanian coast as well as the nutrient-poor regions
near the Cape Verde Islands. In addition, 21 atmospheric
VSLS samples were taken during the return from the last sta-
tion in the Mauritanian upwelling region to Las Palmas (Gran
Canaria). During the transit leg P399/3, an additional 20 at-
mospheric air samples were taken. All VSLS measurements
were also integrated into the HalOcAt database used for the
Ziska et al. (2013) climatology.

2.2 Meteorology and MABL height

Meteorological data have been collected by the automatic
on-board weather station of the German Weather Ser-
vice (DWD): air and water temperatures, wind speed and
direction, humidity and air pressure were recorded once
per second and are averaged to 10 min means for our
analysis. GRAW DFM-06 radiosondes (http://www.graw.
de) were launched from the working deck of R/VPo-
seidon at about 3 m above sea level during the cruise
to profile the atmospheric composition of air tempera-
ture (resolution: 0.1◦C; accuracy:< 0.2◦C), relative hu-
midity (resolution: 1 %; accuracy:< 5 %), and wind (wind
speed accuracy:< 0.2 m s−1; horizontal position accuracy:
< 5 m) (http://www.gematronik.com/fileadmin/media/pdf/
GRAW-BrochureV01.30 en.pdf) from the sea level up to
the middle stratosphere (∼30 km altitude). At the 24 h sta-
tions, the launch frequency was increased from one ra-
diosonde per day at 12:00 UTC to four per day at 00:00,
06:00, 12:00 and 18:00 UTC, amounting to 41 launches for
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 17.6◦ N, 24.0◦ W 3 June (23:00 UTC)–4 June 2010 (22:00 UTC)
2nd 18.0◦ N, 21.0◦ W 6 June (19:00 UTC)–7 June 2010 (17:00 UTC)
3th 18.0◦ N, 18.0◦ W 8 June (18:00 UTC)–9 June 2010 (17:00 UTC)
4th 18.5◦ N, 16.5◦ W 10 June (12:00 UTC)–11 June 2010 (11:00 UTC)
5th 19.0◦ N, 16.5◦ W 11 June (16:00 UTC)–12 June 2010 (15:00 UTC)
6th 20.0◦ N, 17.25◦ W 13 June (04:00 UTC)–14 June 2010 (03:00 UTC)

determinations from radiosoundings. The vertical extension
of the boundary layer is in general limited aloft by a temper-
ature inversion or a stable layer, or by a significant reduction
in air moisture. Two general types of boundary layers exist,
the convective boundary layer (CBL), whose stable layer
is found between the lower 100 m of the atmosphere and
about 3 km height, and the stable boundary layer (SBL),
characterized by a surface inversion. In the case of a CBL,
it is recommended to take the height of the base of the in-
version, increased by half of the inversion layer depth (Stull,
1988). For a SBL we assume the absence of turbulence and
vertical mixing (Garratt, 1990) and further declare that the
boundary layer stays close to the surface. According to this,
we subjectively determined the height of the boundary layer
in our study from the temperature and humidity profiles,
and additionally from the bulk Richardson number of the
following equation (Troen and Mahrt, 1986; Vogelezang and
Holtslag, 1996):

RiB =
gz(θz − θs)

θs(u2 + v2)
. (1)

The quantitiesg and z are the gravitation acceleration and
the geometric height.θzθz andθs θs are the virtual potential
temperature at the heightz and at the surface, andu andv are
the zonal and meridional wind components. The virtual po-
tential temperature can be regarded as a stability criterion for
the atmosphere, considering the air moisture. It is constant
with height for neutral conditions, increases for stable condi-
tions and decreases if the air is statically unstable. To identify
the boundary layer height theoretically, a fixed critical bulk
Richardson number ofRic = 0.25 is chosen as a threshold,
following Sorensen (1998), whereRiB ≥ Ric. Due to miss-
ing wind data in the lowermost atmosphere during a number
of radiosonde launches (failure of GPS sensor), we were not
always able to determineRiB for the lower boundary layer.
Therefore we use the subjectively determined boundary layer
height for our investigations and calculateRiB to confirm our
determined MABL height.

2.3 Air mass origin

For the analysis of the air mass origin, HYSPLIT tra-
jectories (http://ready.arl.noaa.gov/HYSPLIT.php), based on
NCEP/NCAR Reanalysis 1 (NNR), were calculated online.

The NNR is a first-generation reanalysis from 1948 to the
present and has a horizontal resolution of 208 km (T62)
and 28 vertical levels (L28) with a model top at about
3 hPa. The data are globally distributed on a 2.5◦ lati-
tude× 2.5◦ longitude Gaussian grid with a total of 144× 73
grid points (Kalnay et al., 1996; Kistler et al., 2001).

2.4 VSLS measurements

A total of 187 air samples were taken on the monkey deck
of R/V Poseidon, about 10 m above sea level. The air was
pressurized up to 2 standard atmospheres in pre-cleaned
stainless steel canisters, each with a volume of 2.6 L. The
canisters were analysed within three months after the ex-
pedition at the Rosenstiel School for Marine and Atmo-
spheric Sciences (RSMAS, Miami, Florida). The stability
of the atmospheric samples has been demonstrated during
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
multiple samples within the same air mass. The analysis of
the gases is performed with gas chromatography/mass spec-
trometry (GC/MS), while the calibration gases are standard-
ized by gas chromatography with an atomic emission detec-
tor (AED) (Schauffler et al., 1999), and the entire standard-
ization procedure was additionally adjusted to the NOAA
scale in order to have better comparability to the NOAA mea-
surements at surface stations. The preparation of standard
gases is described in Montzka et al. (2003).

Our study concentrates on the atmospheric abundances
of three VSLS: methyl iodide with a lifetime of∼4
days (Solomon et al., 1994), bromoform of∼26 days (Ko
et al., 2003) and dibromomethane of∼120 days (Ko et al.,
2003).

Samples for dissolved halocarbons in sea water were taken
from the continuously working pump from the ship’s moon
pool at a depth of 5 m 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
was used for analysis of the samples with a precision within
10 % determined from duplicates (Hepach et al., 2013).

www.atmos-chem-phys.net/13/6345/2013/ Atmos. Chem. Phys., 13, 6345–6357, 2013
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Fig. 1: DRIVE cruise track. In addition, the 3 hourly wind speed [m/s], direction (10 minute 665 

averages) and windrose for the whole cruise are shown. 666 

 667 

Fig. 1. DRIVE cruise track. In addition, the 3-hourly wind speed
[m s−1], direction (10 min averages) and windrose for the whole
cruise are shown.

2.5 Sea-to-air flux calculations

Sea-to-air fluxes (F) of methyl iodide, dibromomethane and
bromoform were calculated with the air–sea gas transfer co-
efficientkw and the air–sea concentration gradient1c (Hep-
ach et al., 2013):

F = kw · 1c (2)

The parameterization of Nightingale et al. (2000), based
on instantaneous wind speeds (10 min averages) and
temperature-dependent Schmidt numbers according to
Quack and Wallace (2003), was applied to determinekw. 1c

was calculated from the simultaneous water and air measure-
ments at the 24 h stations.

3 Results

3.1 Meteorology

The cruise was mainly exposed to moderate weather condi-
tions. Contrary to the climatological wind direction of north-
easterly trade winds in the subtropics and westerlies north
of 30◦ N during May/June, the mean absolute wind direc-
tion was NNW (Fig. 1) with a mean direction of 349◦ dur-
ing leg 2 and 344◦ during leg 3. This caused a predomi-
nant influence of air masses with marine background con-
ditions coming from the open North Atlantic Ocean. The
mean wind speed during the whole cruise was moderate to
fresh for both legs, with 7.4 m s−1

± 2.9 m s−1 during leg 2

 668 

Fig. 2: 10 minute average measurements of air pressure [hPa]. The stars indicate position and 669 

time of the diurnal stations. 670 

  671 

Fig. 2.10 min average measurements of air pressure [hPa]. The stars
indicate position and time of the diurnal stations.

and 9.3 m s−1
± 1.6 m s−1 during leg 3. The total air pressure

difference of 13.4 hPa also reflects the moderate and steady
weather conditions during the whole cruise with a minimum
of 1007.6 hPa on 11 June 2010 close to the Mauritanian coast
and a maximum air pressure of 1021 hPa at the beginning of
leg 3 on 19 June 2010 close to the Canary Islands (Fig. 2). In
addition, typical tropical diurnal variations up to 4 hPa (see
also Kr̈uger and Quack, 2012) due to atmospheric tides were
observed in this study. The time series of 10 min average
measured surface air temperature (TSAT), sea surface temper-
atures (TSST) and the difference1T (TSAT–TSST) are shown
in Fig. 3. The temperature difference is related to the heat
flux between atmosphere and ocean and indicates suppress-
ing of convection, turbulence and therefore mixing within the
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 25.8◦C was
recorded directly after the stop at Mindelo (Cape Verde Is-
lands). On 11 June 2010, right after the 4th 24 h station, the
ship reached the Mauritanian upwelling region at 18.75◦ N,
16.5◦ W. This is noticeable from the abrupt decrease in the
water temperature and connected to an increase of the heat
flux from the atmosphere to the ocean. After one day, the air
temperature also drops, untilTSAT andTSSTstabilize between
18◦C and 20◦C (station 5). On 14 June 2010, after the ship
has left the last 24 h station, the water temperature increases
to about 23.5◦C. This increase coincides with a wind speed
maximum of about 16 m s−1 from the north, indicating trans-
port of water masses from outside the Mauritanian upwelling

Atmos. Chem. Phys., 13, 6345–6357, 2013 www.atmos-chem-phys.net/13/6345/2013/
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Fig. 3: Left: 10 minute average measurements of TSAT and TSST [°C]. The stars indicate 673 

position and time of the diurnal stations. Right: The temperature gradient is given in [K]. 674 
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Fig. 3. Left: 10 min average measurements ofTSAT andTSST [◦C].
The stars indicate position and time of the diurnal stations. Right:
the temperature gradient is given in [K].
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Fig. 4: Air temperature cross sections [°C] from radiosoundings for the whole cruise. Cold 677 

point tropopause and lapse rate tropopause are marked by the continuous and the dash-dotted 678 

lines, respectively. The measurement gap between leg 2 and 3 is shortened. 679 

  680 

Fig. 4.Air temperature cross sections [◦C] from radiosoundings for
the whole cruise. Cold point tropopause and lapse rate tropopause
are marked by the continuous and the dash-dotted lines, respec-
tively. The measurement gap between leg 2 and 3 is shortened.

towards the ship, until the water temperature drops again
to about 18◦C. On 15 June 2010 the ship left the Maurita-
nian upwelling region, indicated by increasing air and water
temperatures until both decreased again while heading north-
ward. A sudden decrease of the water temperature is also ob-
served from 23 to 24 June 2010, as the ship enters the Iberian
upwelling (Relvas and Barton, 2002).

3.1.1 Marine atmospheric boundary layer

In the following, we use the radiosonde measurements to
analyse the state of the lower atmosphere. Profiles of air
temperature along the cruise track are shown in Fig. 4.
Lowest temperatures of−80◦C are observed between 2
and 15 June 2010 at 17 km height, indicating tropical
air masses south of 25◦ N during leg 2. Two different
tropopause definitions are used to identify the transition be-
tween tropical and extra-tropical air masses: the cold point

 681 

Fig. 5: Virtual potential temperature gradient (colour shading) with derived MABL heights 682 

(lines, in km). The black line shows the subjectively determined MABL height from 683 

temperature and humidity profiles and the grey line is determined theoretically (Section 2.2). 684 

CBL and SBL identify convective and stable boundary layers. The 24 hr stations are marked 685 

with stars. 686 

  687 

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
profiles, and the grey line is determined theoretically (Sect. 2.2).
CBL and SBL identify convective and stable boundary layers. The
24 h stations are marked with stars.

tropopause (CPT; Highwood and Hoskins, 1998) and the
lapse rate tropopause (LRT, WMO, 1957). During leg 2, the
heights of the CPT and LRT are detected between 16 and
17 km altitude. A change of the atmospheric regime is re-
flected by the decrease of the LRT height to 15 km in con-
trast to the CPT height after 15 June 2010 at the end of leg 2,
as the ship enters the extratropics. The air temperature pro-
files also reveal typical “trade inversions” (Neiburger et al.,
1961) between 1 and 2 km height from the beginning of the
cruise until 4 June and from 16 June 2010 until the end of the
cruise. Beginning on 4 June 2010, the temperature inversions
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
the lower 3 km of the troposphere, and therefore the upper
limit of the atmospheric boundary layer during the cruise, is
shown by Fig. 5. The subjectively and theoretically derived
MABL heights (see Sect. 2.2) show a good agreement with
each other. Differences are found above the Mauritanian up-
welling, due to missing near-surface winds for the calculation
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
Ric, which we took for convenience.

Except for the area at and south of the upwelling, ob-
served from 11 to 14 June 2010, where we observed a SBL,
the cruise was predominantly characterized by CBLs, with-
out distinct short time or diurnal variations, considering the
launch frequencies. Boundary layer heights from the surface
up to 400 m at the upwelling area and about 400–2000 m
above the open ocean agree with heights derived from tra-
jectory models from previous studies along the Mauritanian
coast (Carpenter et al., 2007; Quack et al., 2007). During

www.atmos-chem-phys.net/13/6345/2013/ Atmos. Chem. Phys., 13, 6345–6357, 2013
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Table 2. Observed mixing ratios [in ppt] of bromoform (CHBr3), dibromomethane (CH2Br2), their ratio and methyl iodide (CH3I) 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 the
standard deviation values.

CHBr3 (ppt) CH2Br2 (ppt) CH2Br2
CHBr3

CH3I (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) 1.34 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

 688 

Fig. 6: Relative humidity cross sections [%] from radiosoundings for the whole cruise. The 689 

subjectively determined MABL height [km] is marked by the black line. The measurement 690 

gap between leg 2 and 3 is shortened. 691 

  692 

Fig. 6. Relative humidity cross sections [%] from radiosoundings
for the whole cruise. The subjectively determined MABL height
[km] is marked by the black line. The measurement gap between
leg 2 and 3 is shortened.

leg 3 the top of the boundary layer decreases from 1.4 km
north of the Canary Islands to about 500 m near the coast
of the Iberian Peninsula. The height of the MABL is also
well reflected in the profiles of the relative humidity dur-
ing the whole cruise as shown in Fig. 6. The increase of
the surface/lowermost troposphere humidity between 15 and
22 June 2010 (Fig. 6) matches the observed elevation of the
negative heat flux (Fig. 3). The height of the atmospheric
boundary layer, determined from temperature observations,
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
11 to 12 June 2010 is consistent with the assumption of re-
duced vertical mixing (turbulence) in this area due to the pos-
itive heat flux, leading to a very stable and narrow MABL.
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Fig. 7: Bromoform mixing ratios [ppt] measured during the DRIVE ship campaign from 694 

31.05. to 24.06.2010. Six 24 hr stations (S1 – S6) and measurements during transit are color-695 
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Fig. 7.Bromoform mixing ratios [ppt] measured during the DRIVE
ship campaign from 31 May to 24 June 2010. Six 24 h stations (S1–
S6) and measurements during transit are colour-coded according to
the scale on the right side.

3.2 Atmospheric VSLS variability

The diurnal and regional variations of halogenated trace gas
abundances in the MABL have been observed with hourly
measurements at six 24 h stations near the Cape Verde Is-
lands and in the Mauritanian upwelling. According to the
regional distribution of the diurnal stations (Fig. 1), the first
two stations (S1, S2) can be combined to an open ocean clus-
ter. The following 4 diurnal stations are furthermore declared
as coastal stations (S3–S6), since they show similar physical
and biological characteristics (e.g. salinity and chlorophylla)
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
June 2010). Also along the coast of Gran Canaria (17 June
2010) hourly samples were taken.

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
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Fig. 8: Dibromomethane mixing ratios [ppt] measured during the DRIVE ship campaign from 699 

31.05. to 24.06.2010. Six 24 hr stations (S1 – S6) and measurements during transit are color-700 
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  702 

Fig. 8. Dibromomethane mixing ratios [ppt] measured during the
DRIVE ship campaign from 31 May to 24 June 2010. Six 24 h sta-
tions (S1–S6) and measurements during transit are colour-coded ac-
cording to the scale on the right side.

with a mean of 1.74 ppt for CHBr3, 0.91–1.59 ppt with a
mean of 1.28 ppt for CH2Br2, and 0.63–1.32 ppt with a mean
of 0.93 ppt for CH3I. The mixing ratio of CH2Br2 and CHBr3
has often been observed to be around 0.1 in source areas,
where the air has been influenced e.g. by fresh coastal emis-
sions (Yokouchi, 2005 and references therein). The ratio in-
creases towards the open ocean due to the different life-
times of both compounds. A higher value implies an aged
air mass and aged emission, while a lower value indicates
fresher emissions and air masses. With an overall mean
CH2Br2 / CHBr3 ratio of 1.21 (Table 2) during stations 1 and
2, typical open ocean air masses were observed (Quack et al.,
2004; Butler et al., 2007). At the third 24 h station, the bro-
mocarbons increase to 4.22–6.12 ppt for CHBr3 and 1.96–
2.42 ppt for CH2Br2, while CH3I mixing ratios remain at
open ocean values. A mean CH2Br2 / CHBr3 ratio of 0.41
now indicates fresher emissions. Slightly increased atmo-
spheric mixing ratios of CHBr3 with 4.21–6.58 ppt and of
CH2Br2 with 2.04–2.87 ppt, and a CH2Br2 / CHBr3 ratio of
0.46 are found at the 4th 24 h station. For the first time, the
CH3I mixing ratios show intense variations of 1.11–2.68 ppt
at this coastal station. In addition, a diurnal pattern is strik-
ing for all three VSLS at this station (S4, Fig. 7). They show
a slight decrease from 12:00 UTC to 00:00 UTC followed by
an increase from 06:00 UTC to 09:00 UTC on the following
day, which coincides with a decrease of the MABL height
and the sunrise at about 06:30 UTC. The highest atmospheric
mixing ratios for all three VSLS during leg 2 were observed
during the 5th station at 19◦ N and 16.5◦ W. At this station
also the most pronounced variations within one day are ob-
served, with maximum mixing ratios of 8.92 ppt for CHBr3,
3.14 ppt for CH2Br2 and 3.29 ppt for CH3I. The extreme
minimum of CH3I at 05:00 UTC appears as an unreliable
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Fig. 9. Methyl iodide mixing ratios [ppt] measured during the
DRIVE ship campaign from 31 May to 24 June 2010. Six 24 h sta-
tions (S1–S6) and measurements during transit are colour-coded ac-
cording to the scale on the right side.

outlier due to the high variation of more than 1 ppt within
two hours, which is nearly consistent with the whole diur-
nal variation of CH3I at station 4. Although this station has
the lowest CH2Br2 / CHBr3 ratio of 0.40 during leg 2, this
value is two to three times higher than previously reported
ratios of 0.1–0.25 for coastal source regions in the North At-
lantic Ocean and the northwest of Tasmania (Carpenter et al.,
2003) and tropical islands and the open Pacific Ocean (Yok-
ouchi et al., 2005), suggesting the presence of slightly aged
air masses and emissions. While the ship moved away from
the Mauritanian coast, southwest of the Banc d’Arguin Na-
tional Park, the last coastal station (S6) shows an increase
of the CH2Br2 / CHBr3 ratio to 0.44 and a decrease of the
trace gas mixing ratios to 4.85 ppt (range: 4.07–6.01 ppt)
for bromoform, 2.11 ppt (1.87–2.34 ppt) for dibromomethane
and 1.28 ppt (1.07–2.71 ppt) for methyl iodide. The extreme
CH3I maximum at 15:00 UTC appears again as an outlier. A
further decrease of the atmospheric abundances is observed
up to 22◦ N. Mixing ratios thereafter remain nearly constant
to the Canary Islands, except for methyl iodide, which shows
a maximum of 2 ppt southwest of Gran Canaria. Minor vari-
ations occur for all three VSLS at the Canarian coast, while
the means of 2.29 ppt CHBr3, 1.38 ppt CH2Br2 and 1.14 ppt
CH3I are in agreement with open ocean values and remain
at this level until 35◦ N. An increase of the brominated halo-
carbons is observed as the cruise approaches the Portuguese
coast. While dibromomethane only reaches 2.70 ppt, bromo-
form reaches the highest mixing ratio of 9.9 ppt during the
whole DRIVE cruise close to Lisbon (Portugal), leading to
a ratio of both compounds of 0.27. Raimund et al. (2011)
related the increased abundances of halogenated trace gases
in the Iberian upwelling system to strong intertidal coastal
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Table 3. Correlation coefficients of bromoform (CHBr3), dibromomethane (CH2Br2) and methyl iodide (CH3I) mixing ratios with wind
speed (wspd), wind direction (wdir), surface air pressure (p), surface air temperature (TSAT), sea surface temperature (TSST), temperature
difference (1T = TSAT–TSST), relative humidity (U ), and MABL height. Whole cruise (leg 2 and 3) includesn = 181 samples for all param-
eters except MABL height (30 samples), open ocean (leg 2, except stations 3–6 and leg 3) includesn = 85 samples for all parameters except
MABL height (15 samples) and coastal stations (stations 3–6) includen = 96 samples for all parameters except MABL height (15 samples).
Bold coefficients have ap value of less than 5 %.

CHBr3 CH2Br2 CH3I

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
wdir −0.49 −0.31 0.04 −0.52 −0.32 −0.18 −0.28 −0.12 −0.01
p −0.76 −0.01 −0.53 −0.82 −0.11 −0.71 −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
1T 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
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  715 

Fig. 10.HYSPLIT 5-day backward trajectories: initiated at the sur-
face (left side) and at the top of the determined marine atmospheric
boundary layer (right side) each day at 12:00 UTC. The colours
of the trajectories indicate the time when the specific trajectory
reached the ships position, e.g. blue at the beginning and red at the
end of the cruise. The upper plots show the horizontal and the lower
plots the vertical distribution of the trajectories. The black line in-
dicates the height of the MABL. Trajectory and MABL heights are
given in [m].

sources and advection of halocarbon-enriched coastal up-
welling, but also anthropogenic sources as river outflow are
likely (Quack and Wallace, 2003).

3.2.1 Air mass origin

Investigating the air mass history is a good way to reveal po-
tential source regions (Fig. 10). Surface (STs) and boundary
layer height trajectories (BLTs) indicate primarily northerly
origin of air masses during the cruise. From 31 May to 3
June 2010 the air masses mainly arrive from the Azores.

While the HYSPLIT model projects that the STs do not ex-
tend 100 m altitude, the BLTs arise from about 3 km height
with little Moroccan influence. A high-pressure system, lo-
cated between the Azores and the coast of Portugal, deflects
the air masses up to 40◦ N–50◦ N, close to the coast of Por-
tugal, and redirects, in combination with the trade winds, the
air southwards to the ship. From 6 to 17 June 2010 the light
blue, yellow and orange trajectories show a more varying ori-
gin, between 30◦ N and 60◦ N. Most of the STs descend from
heights up to 300 m to the surface 1–2 days before hitting
the ship. This air mass descent is typical for a high-pressure
system. Reaching the ground, the surface inversions, as de-
scribed in Sect. 3.1.1, prevent the air masses from ascending.
The resulting stable, isolated and very low boundary layer
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
western part of West Sahara within the last 24 h; however,
the air approaches predominantly from the North Atlantic
Ocean between 45◦ N and 60◦ N and west of Great Britain.
These origins have also been observed in previous measure-
ment campaigns (Quack et al., 2007; Carpenter et al., 2010).
In comparison, the BLTs are spatially more widespread over
the North Atlantic Ocean, indicating the higher wind speed in
the free troposphere. At leg 3 the STs and BLTs have a mid-
to polar latitude origin (30◦ N to 80◦ N); however, continen-
tal influences from northern Europe dominate for the BLTs
east of the prime meridian.

3.3 Meteorological constraints on VSLS variability

To distinguish meteorological constraints on the VSLS abun-
dances we correlate meteorological parameters with bro-
moform, dibromomethane and methyl iodide (Table 3). In
the following we highlight the significant correlations. We
find a weak but significant correlation between the trace
gas abundances and the wind speed for the open ocean and
for the whole cruise. In contrast, the wind direction reveals

Atmos. Chem. Phys., 13, 6345–6357, 2013 www.atmos-chem-phys.net/13/6345/2013/
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an overall anti-correlation of−0.5 for the brominated halo-
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 east-
erly wind component during the whole cruise. To evaluate
land–sea breeze constraints on the trace gas abundances,
we take a look to stations 4 and 5. Indeed, both stations
show typical land-sea breeze caused diurnal variations in
wind speed and direction. The atmospheric abundances re-
veal significant high correlations ofr = 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 component
of the wind, while the abundances decrease with an increas-
ing westerly wind component, related to differences in air
mass origin (coastal versus open ocean), as also shown by the
trajectories in Fig. 10. At the 5th station, 3-hourly trajectory
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 (r = −0.55)
in contrast to the variations of bromoform and methyl io-
dide, which seem more related to local sources (not shown
here). Anti-correlations of−0.6 to−0.8 are also found be-
tween the air pressure and the trace gases, caused by predom-
inantly higher pressures at higher latitudes, and over open
ocean, with lower VSLS abundances and vice versa for the
coastal stations 3–6. At these stations, the anti-correlation is
further dominated by the atmospheric tides of the air pres-
sure and amounts to−0.5 for bromoform and methyl iodide
and even−0.7 for dibromomethane. Whether or not this re-
lation between the 12-hourly oscillations of sea level pres-
sure and the trace gas variations can be generalized should
be investigated in more detail in a future study. The rel-
ative humidity correlates with the trace gases in the open
ocean withr = 0.5 to 0.6 and at the coastal stations with
r = −0.2 to −0.4 (Table 3). The vertical distribution of the
relative humidity has been a good indicator for mixing in
and thickness of the MABL (Sect. 3.1.1), which may point
to an additional correlation between the surface relative hu-
midity and the VSLS abundances reflected by the high cor-
relation for the whole cruise. However, over the upwelling
areas this relationship does not hold. The cold upwelling wa-
ter creates a positive1T and a negative sensible heat flux
that suppresses convection and leads to a low relative hu-
midity, which is in contrast to the VSLS abundances. This
would explain the reversed correlation above the upwelling.
The VSLS abundances are significantly anti-correlated with
SAT and SST variations in the open ocean and correlated
with SAT in the coastal upwelling. The sensible heat flux, re-
flected by the temperature difference1T (TSAT–TSST), cor-
relates withr values of at least 0.7 for all trace gases dur-
ing the whole cruise and at least 0.6 at the coastal stations.
The combination of higher air and lower water tempera-
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Fig. 11.Comparison of MABL height (left scale, in km) with bro-
moform, dibromomethane and methyl iodide mixing ratios (right
scale, in ppt).

tures coincides with increased trace gas abundances and vice
versa, although this is inappropriate for evaporation. This
shows that from surface relative humidity one cannot sim-
ply infer VSLS abundances or even the MABL height. The
temperature difference1T further affects the atmospheric
stability near the surface. The cold upwelling water at the
Mauritanian upwelling converges with warm air from the
African coast (Sect. 3.2.1) and creates a negative sensible
heat flux between air and water, which cools the near-surface
air layer. As a result, surface inversions, or at least a sta-
ble stratification of the lower atmosphere, are formed, which
suppresses the vertical movement of air. The resulting re-
duced volume of air that is available for mixing leads to a
low MABL height. An anti-correlation of−0.74 between
1T and the MABL height at the coastal stations confirms
this (not shown here). A comparison of bromoform, dibro-
momethane and methyl iodide with the MABL height during
the whole cruise is shown in Fig. 11. Higher VSLS concen-
trations obviously coincide with a lower MABL height and
vice versa. During leg 2 the highest mixing ratios are ob-
served while the MABL height stays between the surface
and 500 m in the area of the Mauritanian upwelling (sta-
tions 3–6). On the other hand, low mixing ratios measured
over the open ocean coincide with a high boundary layer top.
The transit towards Vigo (Spain) also shows a decrease of
the MABL height and an increase of the three VSLS mixing
ratios close to the Iberian coast. In contrast to the other me-
teorological parameters we derive anti-correlations between
the atmospheric trace gas abundances and the MABL height
for all regions, reflecting the distinct connection between
these variables. The linear correlations of bromoform, dibro-
momethane and methyl iodide with the MABL height for the
whole cruise are represented in Fig. 12a–c. Bromoform, with
r = −0.81, and dibromomethane, withr = −0.82, show the
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Fig. 12.Correlation between MABL height [m] and(a) bromoform,
(b) dibromomethane and(c) methyl iodide abundances [ppt] for the
whole cruise. The different markers reflect the different locations:
leg 2 including stations 1–6, the transit between station 6 and Las
Palmas, and leg 3. The accordingp values are less than 1 % for all
three correlations, with each including 30 samples.

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 gradient1c between 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 fluxes,F , as lower MABL heights lead to higher
atmospheric mixing ratios, decreasing the concentration gra-
dient,1c (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 1T (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-
gion (5.60 ppt, 2.37 ppt and 1.50 ppt for bromoform, dibro-
momethane and methyl iodide, respectively) than over the
open ocean (1.74 ppt, 1.28 ppt and 0.93 ppt for bromoform,
dibromomethane and methyl iodide, respectively). The up-
welling region also shows diurnal variations of the VSLS
with highest fluctuations between maximum and minimum
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Table 4. Correlation coefficients of bromoform (CHBr3), dibromomethane (CH2Br2) and methyl iodide (CH3I) fluxes with wind speed
(wspd), wind direction (wdir), surface air pressure (p), surface air temperature (TSAT), sea surface temperature (TSST), temperature differ-
ence (1T = TSAT–TSST), relative humidity (U ), and MABL height. Whole cruise (leg 2 and 3) includesn = 109 samples for all parameters
except MABL height (21 samples), open ocean (leg 2 except stations 3–6 and leg 3) includesn = 37 samples for all parameters except
MABL height (8 samples) and coastal stations (stations 3–6) includen = 70 samples for all parameters except MABL height (13 samples).
Bold coefficients have ap value of less than 5 %.

CHBr3 flux CH2Br2 flux CH3I 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
wdir −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
1T 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 (CHBr3), dibromomethane (CH2Br2) and methyl iodide (CH3I) fluxes with according mixing
ratios. Whole cruise (leg 2 and 3) includesn = 109 samples, open ocean (leg 2 except stations 3–6 and leg 3) includesn = 37 samples and
coastal stations (stations 3–6) includen = 70 samples. Bold coefficients have ap value of less than 5 %.

CHBr3 flux CH2Br2 flux CH3I flux

Whole cruise Open ocean Coastal stations Whole cruise Open ocean Coastal stations Whole cruise Open ocean Coastal stations

CHBr3 mixing ratio 0.58 −0.20 0.33 0.68 0.60 0.39 −0.08 0.22 −0.16
CH2Br2 mixing ratio 0.61 −0.05 0.40 0.71 0.56 0.49 −0.04 0.33 −0.08
CH3I 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 and
1.85 ppt for methyl iodide. A strong coastal gradient of the
VSLS is also observed towards Lisbon (Portugal), where
we detect the highest bromoform mixing ratio of the whole
cruise of 9.8 ppt.

The air mass origin is investigated by 5-day backward tra-
jectories starting at the surface and at the top of the deter-
mined marine atmospheric boundary layer. We identify a pre-
dominantly North Atlantic origin of the air due to the prevail-
ing NW winds during the whole cruise, with minor coastal
influence at the Mauritanian upwelling area.

To distinguish atmospheric constraints on the VSLS we
compare several meteorological parameters with the trace
gas abundances. Although we do not find an overall re-
lationship with the wind, we detect a significant correla-
tion between VSLS abundance and easterly wind direction
changes (r > 0.7) at the 4th station, northwest of Nouak-
chott (Mauritania), which is linked to land–sea breeze influ-
ence. We find a strong anti-correlation between air–sea sur-
face temperature difference and MABL height, derived from
radiosoundings. The MABL heights are dependent on the lo-
cation, as we determine heights from surface level to only
400 m in the upwelling region and between 400 and 1700 m
over the open ocean. In the Mauritanian upwelling a stable
boundary layer leads to stable atmospheric conditions near
the surface, due to warm air flowing over cold upwelling wa-
ter, suppressing the mixing of air. In the open ocean part
of the cruise, the top of the MABL is limited by trade in-

versions. Overall a significant anti-correlation between the
VSLS mixing ratios and the marine atmospheric boundary
layer height is found. With correlation coefficients ofr =

−0.81 for bromoform,r = −0.82 for dibromomethane and
r = −0.64 for methyl iodide, the MABL height appears to
have a significant influence on the trace gas mixing ratios.
This relationship may help explain observed events in the
tropical eastern Atlantic with increased atmospheric VSLS
mixing ratios in the Mauritanian upwelling. Whether this
influence can also be found in different seasons or other
oceanic regions should be addressed in future studies. Of
particular interest would be to investigate other oceanic up-
welling regions, which are expected to also have high VSLS
sources as the Mauritanian upwelling/Cape Verde Islands re-
gion does.
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Abstract. Methyl iodide (CH3I), bromoform (CHBr3) and
dibromomethane (CH2Br2), which are produced naturally in
the oceans, take part in ozone chemistry both in the tro-
posphere and the stratosphere. The significance of oceanic
upwelling regions for emissions of these trace gases in the
global context is still uncertain although they have been
identified as important source regions. To better quantify
the role of upwelling areas in current and future climate,
this paper analyzes major factors that influenced halocar-
bon emissions from the tropical North East Atlantic includ-
ing the Mauritanian upwelling during the DRIVE expedi-
tion. Diel and regional variability of oceanic and atmospheric
CH3I, CHBr3 and CH2Br2 was determined along with bi-
ological and physical parameters at six 24 h-stations. Low
oceanic concentrations of CH3I from 0.1–5.4 pmol L−1 were
equally distributed throughout the investigation area. CHBr3
and CH2Br2 from 1.0 to 42.4 pmol L−1 and to 9.4 pmol L−1,
respectively were measured with maximum concentrations
close to the Mauritanian coast. Atmospheric CH3I, CHBr3,
and CH2Br2 of up to 3.3, 8.9, and 3.1 ppt, respectively were
detected above the upwelling, as well as up to 1.8, 12.8, and
2.2 ppt at the Cape Verdean coast. While diel variability in
CH3I emissions could be mainly ascribed to oceanic non-
biological production, no main driver was identified for its
emissions over the entire study region. In contrast, biologi-
cal parameters showed the greatest influence on the regional
distribution of sea-to-air fluxes of bromocarbons. The diel
impact of wind speed on bromocarbon emissions increased

with decreasing distance to the coast. The height of the ma-
rine atmospheric boundary layer (MABL) influenced halo-
carbon emissions via its influence on atmospheric mixing ra-
tios. Oceanic and atmospheric halocarbons correlated well in
the study region, and in combination with high oceanic CH3I,
CHBr3 and CH2Br2 concentrations, local hot spots of at-
mospheric halocarbons could solely be explained by marine
sources. This conclusion is in contrast to previous studies
that hypothesized elevated atmospheric halocarbons above
the eastern tropical Atlantic to be mainly originated from the
West-African continent.

1 Introduction

Volatile halogenated hydrocarbons (halocarbons) occur nat-
urally in the oceans from where they are emitted into the
atmosphere. Bromine and iodine atoms released from these
compounds by photolysis and oxidation can take part in
catalytic ozone destroying cycles in both the troposphere
and stratosphere (McGivern et al., 2000; Salawitch et al.,
2005; Montzka and Reimann, 2011) with iodine also partic-
ipating in aerosol formation (O’Dowd et al., 2002). Halo-
carbons comprise brominated and iodinated methanes such
as bromoform (CHBr3) and dibromomethane (CH2Br2),
methyl iodide (CH3I) and diiodomethane, as well as longer
chained and mixed halogenated compounds such as io-
doethane, chloroiodomethane, and dibromochloromethane.
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While CHBr3 and CH2Br2 represent the largest contribu-
tors to atmospheric organic bromine from the ocean to the
atmosphere (Hossaini et al., 2012a), methyl iodide (CH3I),
originating mostly from marine sources, is the most abundant
organoiodine in the atmosphere (Saiz-Lopez et al., 2012). Al-
though these three halocarbons are among those that receive
the most attention due to their large contributions to atmo-
spheric organic halogens, many uncertainties remain regard-
ing their formation pathways, influences on their emissions,
and their fate in the ocean and the atmosphere.

Elevated halocarbon concentrations, particularly of
CHBr3 and CH2Br2, occur in coastal regions where macro
algae are thought to be the most dominant sources (Carpenter
and Liss, 2000; Laturnus, 2001). Elevated concentrations
of halocarbons are often observed in upwelling regions
with large phytoplankton activity, where cold, nutrient
rich water is brought up to the sea surface (Tokarczyk and
Moore, 1994; Quack et al., 2004). Abiotic production such
as photochemical processes could be of high significance
for the marine formation of iodinated organic trace gases
(Martino et al., 2009), e.g. CH3I. Hence, its distribution
in the ocean may depend on physical parameters such as
insolation (Moore and Groszko, 1999; Richter and Wallace,
2004; Yokouchi et al., 2008; Stemmler et al., 2013).

The subtropical and tropical regions represent the largest
contributors to global emission budgets of CH3I, CHBr3 and
CH2Br2 (Ziska et al., 2013). The compounds and their degra-
dation products can be carried into the stratosphere in signif-
icant quantities (Solomon et al., 1994; Hossaini et al., 2010;
Aschmann et al., 2011; Montzka and Reimann, 2011; Tegt-
meier et al., 2013), since deep tropical convection can lift sur-
face air very rapidly into the tropical tropopause layer (Tegt-
meier et al., 2012). Studies by Pyle et al. (2007) and Hossaini
et al. (2012b) projected considerable changes in future inor-
ganic bromine in the tropical troposphere and to the strato-
sphere from biogenic halocarbon emissions due to strength-
ening of convection, increasing their importance in the trop-
ics. Coastal upwelling systems might play a crucial role in
a changing climate. The tropical Mauritanian upwelling is
an example of a recently intensified coastal eastern boundary
upwelling (McGregor et al., 2007). Primary production could
increase with enhanced entrainment of nutrient rich deep wa-
ter into the surface ocean leading to amplified production
of halocarbons. Increasing wind speeds, caused by enhanced
pressure gradients (Bakun, 1990), would also directly influ-
ence the sea-to-air fluxes of all trace gases via a faster transfer
coefficient (e.g. Nightingale et al., 2000). Thus the identifica-
tion of factors impacting halocarbon sea-to-air fluxes is cru-
cial for assessing possible effects of climate change on future
emissions from coastal upwelling systems.

This paper reports on oceanic and atmospheric halocar-
bon distributions and sea-to-air fluxes from the DRIVE (Di-
urnal and RegIonal Variability of halogen Emissions) cam-
paign of RVPoseidonin the eastern tropical North Atlantic
and the Mauritanian upwelling in June 2010. We present re-

sults from six 24 h-stations in different distances from the
Mauritanian coast and from two simultaneous diel stations
on the Cape Verde island Sao Vincente. We aim at describing
and quantifying significant factors that control the concentra-
tions and emission fluxes of CH3I, CHBr3, and CH2Br2 both
on a diel and a regional scale, including biological produc-
tion, wind speed, and atmospheric transport. Previous studies
have hypothesized that elevated atmospheric mixing ratios of
CHBr3 and CH2Br2 above the Mauritanian upwelling area
were mainly of continental origin, since sea-to-air fluxes of
these compounds appeared not sufficient to explain the obser-
vations (Quack et al., 2007a; Carpenter et al., 2009). In con-
trast, the investigation by Fuhlbrügge et al. (2013) revealed
high atmospheric mixing ratios of CH3I, CHBr3 and CH2Br2
close to the coast also in air masses transported from the open
ocean, with a significant anticorrelation between the atmo-
spheric mixing ratios and the height of MABL. We therefore
examine how oceanic emissions contribute to the mixing ra-
tios of atmospheric halocarbons taking the height of the ma-
rine atmospheric boundary layer (MABL) into account. Me-
teorological constraints on the atmospheric distributions dur-
ing the cruise are investigated in the accompanying paper by
Fuhlbrügge et al. (2013).

2 Methods

The cruise P399/2 (Poseidon 399 leg 2) named DRIVE (Di-
urnal and RegIonal Variability of halogen Emissions) of
RVPoseidontook place from May 31 to June 17 in 2010
in the eastern tropical North Atlantic and the Mauritanian
upwelling. The ship followed a course from Las Palmas (Ca-
nary Islands, 28.1◦ N and 15.4◦ W) back to Las Palmas with a
short stop at Mindelo (Sao Vicente, Cape Verde, 16.9◦ N and
25.0◦ W). The cruise track included six stations located at
17.6◦ N and 24.3◦ W (S1), 18.0◦ N and 21.0◦ W (S2), 18.0◦ N
and 18.0◦ W (S3), 18.5◦ N and 16.5◦ W (S4), 19.0◦ N and
16.6◦ W (S5), and 20.0◦ N and 17.3◦ W (S6) where the ship
remained at its position for 24 h (Fig. 1). Samples for dis-
solved halocarbons in sea water, atmospheric halocarbons
and phytoplankton pigments were taken at all 24h-stations in
parallel, and additionally four radio sonde launches per 24h-
station were accomplished to determine the MABL prop-
erties. More details on the campaign and the meteorolog-
ical conditions can be found in Bange et al. (2011) and
Fuhlbrügge et al. (2013).

Related to the ship expedition a land-based operation took
place from 3 to 8 June 2010 at the Cape Verde Atmospheric
Observatory (CVAO) on Sao Vincente close to Mindelo at
17.6◦ N and 24.3◦ W (Fig. 1) where samples of atmospheric
halocarbons were taken during two days.

Atmospheric halocarbon mixing ratios and meteorological
conditions were also determined during a second cruise leg
P399/3 from Las Palmas, Spain to Vigo, Spain and are cov-
ered in Fuhlbrügge et al. (2013). In contrast, this manuscript
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focuses only on results from leg P399/2. The words “whole
cruise” will refer to leg 2 and “whole campaign” includes leg
2 and the land-based operation at Cape Verde.

2.1 Sampling and analysis of halocarbons in sea surface
water and air

Dissolved halocarbons were sampled in 500 mL amber glass
bottles from a continuously working pump from the ships
moon pool at a depth of 4.4 m. This allowed for nearly hourly
sampling of sea surface water at every diel station. In be-
tween 24h-stations, the samples were taken every 3 h. The
water was analyzed for halocarbons using a purge and trap
system attached to a gas chromatograph with mass spectro-
metric detection (GC-MS). 80 mL of water were purged at
70◦C for 60 min with a stream of helium at 30 mL min−1 in
a glass chamber with a purge efficiency of more than 98 %
for all three halocarbons. The volatilized trace gases were
desiccated with a Nafion® dryer and were trapped on glass
beads at−100◦C. After purging, the compounds were des-
orbed at 100◦ C onto a deactivated capillary in liquid nitrogen
as second trap. After three minutes, the sample was injected
into the GC-MS, where the trace gases were separated on a
Rtx-VGC capillary column with a length of 60 m, a diameter
of 0.25 mm and a film thickness of 1.40 µm, and were de-
tected in single ion mode. Quantification was achieved with
volumetrically prepared standards in methanol. Four calibra-
tion curves were performed using different dilutions, each
injected in triplicate. One standard was injected once a day
in triplicate to monitor the internal drift of the instrumental
set up which was low during the whole cruise. Precision for
these measurements lay within 16 % for CH3I, and 6 % for
CHBr3 and CH2Br2, determined only from duplicates due to
time constraints.

Air samples were taken hourly at the diel stations. They
were pumped into stainless steel canisters on the compass
deck at a height of 13.7 m with a metal bellows pump. Sam-
ples were analyzed within a month at the Rosenstiel School
of Marine and Atmospheric Science in Miami with a preci-
sion of approximately 5 % using GC-MS (Schauffler et al.,
1999). Previous campaigns show that stability of the mea-
sured compounds in the canisters is not an issue over this
time period. Additionally, air samples were taken at CVAO
on an hourly basis parallel to the first two diel stations of the
ship. Samples were taken according to the method onboard
the RVPoseidonin approximately 3 m height above ground
and then analyzed along with the other canisters collected
during the cruise. Oceanic and atmospheric measurements
were intercalibrated against whole air working-standards ob-
tained from the NOAA Global Monitoring Division (Boul-
der, USA).
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Fig. 1. Cruise track (black line) during DRIVE on SST derived
from the monthly composite of June 2010 of MODIS-Aqua level 3
data. White circles with black numbers indicate 24 h-stations. Also
marked is the location of the CVAO (Cape Verde Atmospheric Ob-
servatory).

2.2 Phytoplankton pigment analysis and flow cytometry

Samples for pigment analysis were taken approximately ev-
ery 2 h at every diel station. 1 L of sea surface water from
the continuously working pump in the ships moon pool was
filtered through 25 mm Whatman GF/F filters and stored
at −80◦C until analysis. Back in the lab, phytoplankton
pigments were analyzed according to Tran et al. (2013)
using a Waters high-performance liquid chromatography
(HPLC) system at the Alfred Wegener Institute for Polar and
Marine Research Bremerhaven (AWI). Apart from chloro-
phyll a (Chl a), the 27 marker pigments for which samples
were analyzed include various chlorophyll type pigments
such as chlorophyllc1, c2 and c3, divinyl chlorophyll b,
chlorophyll b, divinyl chlorophyll a, and phaeophytina.
The following carotenoids were detected: peridin, predinin
derivative, 19-butanoyloxyfucoxanthin, fucoxanthin, neox-
anthin, 19-hexanoyloxyfucoxanthin, violaxanthin, astaxan-
thin, prasinoxanthin, diadinoxanthin, alloxanthin, diatoxan-
thin, anthreaxanthin, zeaxanthin, lutein,α-carotene, andβ-
carotene. Marker pigments and their relative abundance are
indicative for different phytoplankton groups.

For flow cytometry, 4 mL of water from the underway
pump system were preserved with glutaraldehyde with a fi-
nal concentration of 0.1 %, shock frozen in liquid nitrogen
and stored at−80◦C. Flow cytometry samples were ana-
lyzed for nanoplankton, picoplankton,Prochlorococcus, and
Synechococcusat 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, Chla, wind speed, MABL height) during DRIVE
for open ocean stations S1–S2 and coastal stations S3–S6.

S1 S2 S3 S4 S5 S6

Parameter Unit 17.6◦ N and
24.3◦ W

18.0◦ N and
21.0◦ W

18.0◦ N and
18.0◦ W

18.5◦ N and
16.5◦ W

19.0◦ N and
16.6◦ W

20.0◦ N and
17.3◦ W

SST ◦C 24.5
(24.4–24.7)

23.2
(23.0–23.6)

21.7
(21.6–21.8)

23.3
(23.1–23.4)

20.4
(20.2–21.0)

18.6
(18.4–18.7)

Salinity 36.7
(36.7–36.7)

36.4
(36.4–36.5)

35.9
(35.9–35.9)

35.9
(35.9–35.9)

35.8
(35.8–35.8)

35.9
(35.8–35.9)

Chl a µg L−1 0.05
(0 -0.08)

0.30
(0.10–0.43)

1.00
(0.58–1.79)

1.63
(0.81–3.01)

4.50
(1.69–8.12)

4.80
(7.40–6.70)

Wind speed m s−1 4.6
(2.0–7.1)

11.0
(7.8–14.8)

6.0
(3.9–9.0)

9.7
(6.7–12.9)

8.9
(4.3–13.7)

11.0
(6.8–14.2)

MABL height m 950
(850–1100)

540
(400–700)

290
(200–400)

120
(50–200)

25
(surface–100)

190
(100–350)

2.3 Calculation of sea-to-air fluxes and saturation
anomaly

Sea-to-air fluxes (F ) of CH3I, CHBr3 and CH2Br2 were cal-
culated using the air-sea gas exchange parameterization of
Nightingale et al. (2000). Schmidt number (Sc) corrections
for the compound specific transfer coefficientskw derived
with the transfer coefficientkCO2 of CO2 as reported by
Quack and Wallace (2003) were applied.

kw

kCO2

=
Sc−

1
2

660
(1)

The air-sea concentration gradient was derived from all si-
multaneous water (cw) and air (catm) measurements calcu-
lated with the Henry’s law constantsH of Moore and co-
workers (Moore et al., 1995a, b) to obtain the theoretical
equilibrium concentrationcatm / H .

F = kw ·

(
cw −

catm

H

)
(2)

The saturation anomalyS was calculated from the concen-
tration gradient as the percentage of the equilibrium concen-
tration.

S =

((
cw −

catm

H

)
· 100

)
·

(catm

H

)−1
(3)

Water temperature and salinity were continuously recorded
using the ships’ thermosalinograph. Air pressure and wind
speed were determined by sensors on the compass deck and
in 25.5 m height, respectively. Ten minute averages of these
four parameters were included in the calculations, and wind
speed was corrected to 10 m values.

3 Hydrography and environmental parameters during
DRIVE

High SST values between 23.0 and 24.7◦C and high salini-
ties 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). Low Chla

concentrations between 0.00 and 0.43 µg L−1 were a sign of
low primary production there. Stations S1 and S2 are hence
defined as open ocean. Wind speed had the lowest mean of
the whole cruise at S1 with 4.6 m s−1 and was highest at S2
with a mean of 11.0 m s−1. The MABL height in this region
determined by Fuhlbrügge et al. (2013) ranged between 400
and 1100 m (Table 1). With decreasing distance to the Mau-
ritanian coast, a decrease in SST and salinity and an increase
in Chl a concentrations were observed. This is a sign of the
North West African upwelling system on the African shelf
as part of the wind-driven Canary Current extending from
30◦ N to 10◦ N (Fedoseev, 1970). South Atlantic Central Wa-
ter (SACW), characterized as a straight T-S curve between
5◦C and 34.3 and 20◦C and 36.0 (Tomczak and Godfrey,
2005), is transported to the Mauritanian coast by a poleward
directed undercurrent. Between 12◦ N and 20◦ N upwelling
of the cold nutrient rich SACW takes place from late fall to
late spring (Minas et al., 1982; Tomczak, 1982; Hagen, 2001)
after which the upwelling starts to cease due to changing at-
mospheric conditions induced by the shift of the Intertrop-
ical Convergence Zone (Mittelstaedt, 1982). Although the
upwelling already began to cease during our cruise, stations
S3–S6 are defined as upwelling and coastal stations (further
on called coastal stations) due to the lower SSTs observed
there. The lowest SST with 18.4◦C as well as the highest
daily mean Chla concentration of 4.80 µg L−1 were found
at the northernmost station (S6), while the overall maxi-
mum Chla concentration of 8.12 µg L−1 was observed at S5.
MABL heights generally ranged between surface and 400 m
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at S3–S6, while wind speeds varied between 3.9 (S3) and
14.2 m s−1 (S6). At S5, the lowest MABL heights (close to
the surface) together with the highest relative standard devia-
tion (further on referred to as variability) in wind speed with
a mean of 8.9 m s−1 and a variability of 27 % was observed
at one station in the course of 24 h (Table 1). Due to the clas-
sification of the stations into two regions, average values of
both open ocean stations together are based on fewer mea-
surements than average values of the four coastal stations.

4 Results

4.1 Methyl iodide (CH3I)

4.1.1 Regional distribution

At the open ocean stations S1 and S2 higher mean oceanic
CH3I of 2.4 pmol L−1 was found than at coastal stations S3–
S6 with a mean of 1.8 pmol L−1 (Fig. 2b, Table 2). The max-
imum mean oceanic CH3I of 3.0 (1.7–5.4) pmol L−1 was ob-
served at S1, while S3 showed the lowest mean of 1.2 (0.2–
2.1) pmol L−1 during 24 h. In total, the regional variability of
CH3I, which is the relative standard deviation between the
means of the individual stations, was the lowest of all three
halocarbons with 56 %. Correlations to neither phytoplank-
ton pigments nor to picoplankton abundances were found for
CH3I in sea surface water (Table 3).

Atmospheric CH3I with an overall mean of 1.3 (0.6–
3.3) ppt revealed a different distribution in comparison to
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Fig. 5. Wind speed(a), concentration gradients(b) and sea-to-air
fluxes(c) of CH3I, CHBr3 and CH2Br2 during DRIVE.

oceanic CH3I (Fig. 2a). It was generally lower above the
open ocean with 0.9 (0.6–1.3) ppt on average and increased
towards the coast with a mean (range) of 1.6 (0.9–3.3) ppt
(see also Fuhlbrügge et al., 2013). In total, atmospheric CH3I
had a lower regional variability of 44 % than oceanic CH3I.

4.1.2 Diel variations

Of all three halocarbons, oceanic CH3I showed the largest
diel variability which was also larger than its regional vari-
ability. The lowest and the highest mean variability during
24 h were found at the open ocean stations S1 with 29 % and
at S2 with 62 %. At the coastal stations oceanic CH3I var-
ied between 37 % (S6) and 60 % (S4). While at four stations
maxima of CH3I in the surface water were found in the morn-
ing hours, elevations in the afternoon were observed at open
ocean station S2 and coastal station S6. Hence, no overall
diurnal cycle could be detected.

Low relative diel variability between 9 % (S2) and 11 %
(S1) was observed in atmospheric CH3I above the open
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
stations and parallel air sampling at CVAO.

S1 S2 S3 S4 S5 S6

17.6◦ N and
24.3◦ W

18.0◦ N and
21.0◦ W

18.0◦ N and
18.0◦ W

18.5◦ N and
16.5◦ W

19.0◦ N and
16.6◦ W

20.0◦ N and
17.3◦ W

Compound Parameter Unit

CH3I

Water pmol L−1 3.0
(1.7–5.4)

1.8
(0.4–3.9)

1.2
(0.2–2.1)

1.6
(0.6–3.4)

2.2
(0.1–4.5)

2.0
(0.8–3.5)

Air ppt 0.7
(0.6–1.0)

1.1
(1.0–1.3)

1.0
(0.9–1.1)

1.6
(1.1–2.7)

2.3
(1.4–3.3)

1.3
(1.1–2.7)

CVAO air ppt 0.9
(0.7–1.0)

1.4
(1.1–1.8)

– – – –

Saturation anomaly % 2606.3
(1321.1–4597.1)

870.2
(99.4–2243.7)

532.2
(−8.5–967.1)

445.6
(90.8–1167.4)

410.8
(−65.8–928.7)

672.1
(210.1–1242.3)

Sea-to-air flux pmol m−2 h−1 158.3
(59.3–330.4)

372.6
(39.6–941.6)

79.0
(−1.7–212.2)

227.7
(61.4–500.5)

259.6
(−64.6–871.6)

382.5
(106.1–837.9)

CHBr3

Water pmol L−1 1.2
(1.0–1.6)

3.0
(1.9–3.8)

16.2
(11.3–25.5)

11.9
(8.1–14.7)

30.6
(26.1–42.4)

15.3
(12.8–17.5)

Air ppt 0.6
(0.5–0.8)

1.8
(1.2–2.4)

5.3
(4.2–6.1)

5.3
(4.2–6.6)

7.0
(5.4–8.9)

4.9
(4.1–6.0)

CVAO air ppt 6.7
(2.3–12.8)

6.8
(3.7–12.8)

– – – –

Saturation anomaly % 39.6
(−14.7–79.3)

17.7
(−40.3–97.3)

80.6
(43.0–212.7)

46.1
(5.2–94.4)

148.0
(69.4–243.1)

59.4
(5.4–105.5)

Sea-to-air flux pmol m−2 h−1 15.5
(−8.5–45.0)

65.6
(−273.4–426.7)

489.1
(241.4–1610.9)

611.7
(41.7–1333.8)

2423.0
(1063.3–6068.9)

1098.2
(77.8–2360.2)

CH2Br2

Water pmol L−1 1.2
(1.0–1.3)

1.9
(1.5–2.2)

4.0
(3.1–4.9)

5.4
(4.1–6.1)

8.8
(8.1–9.4)

5.1
(4.6–5.8)

Air ppt 1.0
(0.9–1.1)

1.4
(1.1–1.6)

2.2
(2.0–2.4)

2.4
(2.0–2.9)

2.8
(2.5–3.1)

2.1
(1.9–2.3)

CVAO air ppt 1.4
(1.1–2.1)

1.5
(1.2–2.0)

– – – –

Saturation anomaly % 24.7
(3.4–43.2)

37.7
(4.1–72.2)

64.7
(30.9–111.5)

122.0
(82.7–165.0)

169.0
(131.8–204.3)

86.1
(70.1–110.6)

Sea-to-air flux pmol m−2 h−1 10.6
(1.8–27.9)

118.5
(14.5–214.3)

115.7
(50.0–260.3)

511.8
(207.9–801.0)

815.4
(285.6–1429.4)

470.4
(295.5–671.6)

between 9 % (4 June, parallel to S1) and 14 % (June 6 and
7, parallel to S2) (Fig. 3a, Table 2) with mean mixing ra-
tios of 1.2 ppt (0.7 ppt, 4 June–1.8 ppt, 6 June). At the coastal
stations S3–S6, diel variability of 7 (S3) – 33 % (S4) was ob-
served. The highest mean atmospheric variability at S4 coin-
cides with the largest oceanic variability. Similarly to oceanic
CH3I, there is no overall diurnal cycle in atmospheric mixing
ratios. Maxima and minima occurred in both day and night
hours.

4.1.3 Saturation anomaly, sea-air concentration
gradient and sea-to-air fluxes

Saturation anomalies (Fig. 4), concentration gradient
(Fig. 5b) as well as sea-to-air fluxes (Fig. 5c) were calculated
according to Eqs. (1)–(3) (Table 2). To constrain the atmo-
spheric influence on the concentration gradient, thus on the
sea-to-air fluxes, the fraction of the equilibrium concentra-
tion catm/H of the oceanic concentrationcw was calculated
(Fig. 6a). This is the relative reduction of the sea-to-air flux
by the atmospheric mixing ratios compared to an empty at-
mosphere, which will be referred to as “flux reducing effect”
further on.

For CH3I the highest saturation anomalies with means of
931 (−66–4597) % (Fig. 4a, Table 2) and the lowest con-
centration gradients of 1.7 (−0.3–5.3) pmol L−1 (Fig. 5b) of
the three halocarbons were calculated for CH3I for the whole
cruise. Both were consistent with the oceanic distribution:
they were highest in the open ocean with maxima at S1 where
however no high emissions of this compound were calculated
because of the prevailing low wind speeds during that time
(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 CH3I on the sea-to-air flux was
low, usually less than 50 %. One exception was S5 where low
oceanic CH3I coincided with high atmospheric mixing ra-
tios, and the flux reducing effect reached 300 % leading to a
flux into the water. Mainly positive sea-to-air fluxes of CH3I
could be observed with a mean of 254 pmol m−2 h−1 for the
whole cruise (−65 at coastal station S5 to 942 pmol m−2 h−1

at open ocean station S2) (Fig. 5c, Table 2). Open ocean and
mean coastal fluxes of 268 and 246 pmol m−2 h−1, respec-
tively were in a similar range though with potentially higher
fluxes in the open ocean due to its large supersaturation there.
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Table 3.Correlation coefficientsR2 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 CH3I CHBr3 CH2Br2

Nano- and picoplankton
Prochlorococcus 72 0.10 0.39 0.26
Others 72 < 0.08 < 0.09 < 0.10

Phyotplankton pigments
Chl a 61 0.00 0.38 0.49
MLR 61 None 0.79 0.77

4.1.4 Impact of oceanic CH3I and wind speed on fluxes

The sea-to-air flux of CH3I showed significant but
low regional correlations with sea surface concentrations
(R2 = 0.37) and wind speed (R2 = 0.24) for the whole cruise
(Fig. 7a, d, Table 4). Considering each station individually,
high significant correlations of oceanic CH3I and sea-to-air
flux were found at open ocean station S2 and at all coastal
stations withR2 ranging between 0.57 and 0.91. Signifi-
cant correlations of wind speed to the CH3I sea-to-air flux
only existed at coastal station S3 and open ocean station S1
(R2 = 0.24 and 0.76).

4.2 Bromoform (CHBr 3) and dibromomethane
(CH2Br2)

4.2.1 Regional distribution

CHBr3 and CH2Br2 were both lower in the open ocean with
means of 2.3 (1.0–3.8) pmol L−1 for CHBr3 and 1.6 (1.0–
2.2) pmol L−1 for CH2Br2 with minimum concentrations oc-
curring at S1 (Fig. 2c, d, Table 2). Both compounds had
higher coastal concentrations of 18.3 (8.1–42.4) pmol L−1

for CHBr3 and 5.8 (3.1–9.4) pmol L−1 for CH2Br2 with max-
ima at S5 and a much more pronounced increase in oceanic
CHBr3 than in CH2Br2. CHBr3 and CH2Br2 in sea surface
water demonstrated much higher relative regional variability
of 78 % (CHBr3) and 59 % (CH2Br2) than oceanic CH3I.

Atmospheric CHBr3 and CH2Br2 increased towards the
coast similarly to their oceanic counterparts (Fig. 2c, d, Ta-
ble 2). The highest mean regional variability was found for
CHBr3 (56 %), while atmospheric CH2Br2 showed the low-
est (33 %) of the three halocarbons.

4.2.2 Diel variations

Diel variations of both CHBr3 and CH2Br2 in sea surface
water were generally lower than their regional variations.
The variability of CHBr3 ranged between 14 % (S1) and
19 % (S2) in the open ocean, while the variability of CH2Br2
was even lower with 7 % (S1) and 9 % (S2). At most of
the coastal stations CHBr3 and CH2Br2 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. 6. Influence of atmospheric mixing ratios on the amount
of oceanic halocarbons emitted for CH3I (a), CHBr3 (b), and
CH2Br2 (c). Oceanic concentrations are plotted in grey (left axis),
the equilibrium concentration is delineated in black, and the con-
centration gradient is shaded in grey. The percentaged reduction of
the concentration gradient by the equilibrium concentration (flux
reducing effect) derived from the atmospheric measurements (equi-
librium concentration in percent in relation to the water concentra-
tions) is shown in red (right axis). Values above 100 % refer to fluxes
from the atmosphere into the ocean.
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of 42.4 pmol L−1 (CHBr3) and 9.4 pmol L−1 (CH2Br2) were
found in the morning hours. The highest diel variation of
23 % was found at coastal station S3 for oceanic CHBr3,
while CH2Br2 was generally less variable ranging from 4
(S5) to 10 % (S4).

Atmospheric mixing ratios of bromocarbons were low
at the open ocean stations S1–S2 with means between 0.6
and 1.78 ppt and relative standard deviations of 13–19 %
for CHBr3 and atmospheric CH2Br2 ranging on average be-
tween 1.0 and 1.4 ppt with a relative standard deviation of
5–9 %. At CVAO mean mixing ratios of 6.7–6.8 ppt CHBr3
and of 1.4–1.5 ppt CH2Br2 were higher than at S1–S2, as
was their diel variability ranging from 35–43 % for CHBr3
and 14–16 % for CH2Br2 (Fig. 3b, c, Table 2). The highest
atmospheric CHBr3 during the whole campaign of 12.8 ppt
was measured at CVAO on 7 June. The diel variability of
atmospheric CHBr3 at the coastal stations S3–S6 was gen-
erally lower than what was observed above the open ocean
with 7 (S3)–14 % (S4) and means of 4.8 (S6)–7.0 ppt (S5).
The diel variability of atmospheric CH2Br2 at the coast was
similar to the open ocean with 5 (S6)–10 % (S4) and means
of 2.1 (S6)–2.8 ppt (S5). Atmospheric CHBr3 and CH2Br2
showed no overall diurnal cycles above neither open ocean
nor coastal stations with maxima during both day and night
hours.

4.2.3 Correlations of CHBr3 and CH2Br2 with
phytoplankton pigments

Surface water concentrations of CHBr3 and CH2Br2 corre-
lated significantly with Chla at the 95 % level with correla-
tion coefficientsR2 of 0.38 and 0.49 (Table 3, Figure 2a).
Multiple linear regressions (MLR) of brominated halocar-
bons to all phytoplankton marker pigments were carried out
for the whole cruise. All pigment data related to CHBr3 or
CH2Br2 with p <0.05 was regarded as significant. The six
pigments chlorophyllb, chlorophyllc3, fucoxanthin, diatox-
anthin, pyrophaeophorbidea and zeaxanthin were found to
describe the regional distribution of CHBr3 best (Fig. 2e,
Table 3). Chlorophyllb, fucoxanthin,α-carotene (negatively
correlated) and alloxanthin were important for CH2Br2 in the
order of explanatory power. Additionally, significant but low
correlations of CHBr3 and CH2Br2 were found toProchloro-
coccuswith R2 = 0.39 andR2 = 0.26 (negatively correlated).

4.2.4 Saturation anomaly, sea-air concentration
gradients and sea-to-air fluxes

The ocean was generally supersaturated with CHBr3 and
CH2Br2 (Fig. 4, Table 2). The overall saturation anomaly
of 65 (−40 – 243) % for CHBr3 was slightly lower than
the mean of CH2Br2 with 84 (3–204) % (Fig. 4b). Both
displayed similar trends opposite to CH3I: lower anoma-
lies of around 30 % in the open ocean stations, increas-
ing towards the coastal stations S3 – S6 with means of

Atmos. Chem. Phys., 14, 1255–1275, 2014 www.atmos-chem-phys.net/14/1255/2014/



H. Hepach et al.: Drivers of diel and regional variations of halocarbon emissions 1265

83 % for CHBr3 and 110 % for CH2Br2. Maximum satura-
tion anomalies coincided with maximum oceanic and atmo-
spheric bromocarbons at S5 with daily means of 148 % for
CHBr3 and 169 % for CH2Br2. The concentration gradient
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 L−1, fol-
lowed by CH2Br2 with a mean of 2.2 (0–6.3) pmol L−1 and
minima in the open ocean region (Fig. 5b). The reducing ef-
fect of atmospheric CHBr3 and CH2Br2 on the sea-to-air flux
was > 75 % in the open ocean where both compounds were
close to equilibrium and decreases simultaneously with the
strongly increasing concentration gradient towards the coast
(Fig. 6b, c). For CHBr3 and CH2Br2 the flux reducing ef-
fect was around 50 % at the four coastal stations (S3–S6).
Sea-to-air fluxes of CHBr3 and CH2Br2 for the whole cruise
were on average higher than CH3I fluxes with 787 (−273–
6069) pmol m−2 h−1 and 341 (2–1429) pmol m−2 h−1, re-
spectively (Fig. 5c, Table 2). Fluxes of both compounds were
low in the open ocean region with means of 41 pmol m−2 h−1

for CHBr3 and of 66 pmol m−2 h−1 for CH2Br2. Higher sea-
to-air fluxes of CHBr3 and CH2Br2 with means of 1171 and
483 pmol m−2 h−1 were observed at the coastal stations S3–
S6. The maximum fluxes of both compounds were found at
coastal station 5.

4.2.5 Impact of oceanic CHBr3 and CH2Br2 and wind
speed on fluxes

Sea surface water concentrations of CHBr3 and CH2Br2
correlated regionally to sea-to-air fluxes withR2

= 0.68
(CHBr3) and 0.71 (CH2Br2) for the whole cruise (Fig. 7, Ta-
ble 4). Significant correlations of CHBr3 fluxes with sea sur-
face water concentrations were found at all 24h-stations (R2

from 0.34 to 0.78). The highest correlations of sea surface
CH2Br2 to its sea-to-air fluxes were found at open ocean sta-
tion S2 (0.64) and coastal stations S3 and S4 (0.42, 0.53). No
significant correlations could be observed at coastal stations
S5 and S6. In contrast, wind speed showed low but regionally
significant correlations to the overall sea-to-air fluxes with
R2 = 0.14 (CHBr3) andR2 = 0.29 (CH2Br2). Considering the
stations individually, CHBr3 and CH2Br2 revealed high cor-
relations of wind speed with sea-to-air flux at coastal stations
S4–S6 withR2 from 0.56 to 0.95.

5 Discussion

5.1 Sea-to-air fluxes of CH3I

5.1.1 Oceanic and atmospheric CH3I as drivers of the
regional and diel variability of the concentration
gradient

The ocean was highly supersaturated with CH3I throughout
most of the cruise which is underlined by the low impact
of atmospheric CH3I on its concentration gradient (Fig. 6a).

Table 4. Correlation coefficients for water concentrations of halo-
carbons and wind speed with sea-to-air fluxes of halocarbons for the
whole cruise and for the individual stations. Coefficients printed in
bold represent significant correlations withp < 0.05.

Station R2 of with F of n

CH3I CHBr3 CH2Br2

Whole cruise
Water conc. 0.37 0.68 0.71

109Wind speed 0.24 0.14 0.29

S1
Water conc. 0.24 0.66 0.35

18Wind speed 0.73 0.28 0.21

S2
Water conc. 0.89 0.78 0.64

19Wind speed 0.00 0.00 0.15

S3
Water conc. 0.67 0.66 0.42

17Wind speed 0.24 0.21 0.56

S4
Water conc. 0.91 0.60 0.53

17Wind speed 0.02 0.67 0.93

S5
Water conc. 0.57 0.34 0.09

18Wind speed 0.02 0.55 0.95

S6
Water conc. 0.79 0.70 0.00

20Wind speed 0.06 0.82 0.78

Regional and diel variability in the concentration gradi-
ent was primarily a result of varying oceanic CH3I. The
oceanic concentrations during DRIVE (0.1 to 5.4 pmol L−1,
Table 2) compare well to the measurements by Schall et
al. (1997) of 0–3 pmol L−1 in the Atlantic, north of 42◦ N
during boreal wintertime. In contrast, Richter and Wallace
(2004) measured 3–5 times higher oceanic CH3I with 7.1–
16.4 pmol L−1 in boreal fall south of 15◦ N, and Jones et
al. (2010) reported even 6 times higher concentrations (total
range from min to max: 1.0–36.5 pmol L−1, data from Jones
et al., 2010; Ziska et al., 2013) in the same region and sea-
son. Similarly to DRIVE, Jones et al. (2010) found no sig-
nificant difference between open ocean and coastal regions
which was ascribed to photochemical sources supported by
the incubation experiments of Richter and Wallace (2004)
from the equatorial Atlantic. Richter (2004) found a rela-
tionship of oceanic CH3I with wind speed within this data
which was not found during DRIVE: lower wind speeds led
to elevated oceanic CH3I. The much more elevated oceanic
CH3I of Jones et al. (2010) was measured in our study region
and season. A possible explanation for their largely elevated
CH3I concentrations compared to our and other open ocean
values (Ziska et al., 2013) might be enhanced photochem-
istry, but more detailed information is not given in the study
of Jones et al. (2010). Smythe-Wright et al. (2006) measured
CH3I as high as 45 pmol L−1 in the Atlantic region south
of 40◦ N in late summer which was accompanied by high
Prochlorococcusabundance. In contrast, no outstanding re-
lationship of CH3I with picoplankton includingProchloro-
coccusor the marker pigment divinyl chlorophylla indica-
tive of these species was found during DRIVE. Addition-
ally, no correlation with diatom pigments as suggested by
Lai et al. (2011) for the production of open ocean CH3I was
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observed, supporting photochemistry as important produc-
tion pathway for its formation as suggested by Moore and
Zafiriou (1994). The likely non-biological formation of CH3I
also leads to high saturation anomalies in open ocean sur-
face waters. The lower saturation anomalies in the coastal
zone might likely be a result of upwelled water diluting
the more concentrated surface water (Happell and Wallace,
1996) combined with the elevated atmospheric CH3I above
the upwelling. The large supersaturation of CH3I in surface
water of the open ocean region indicates their potential for
largely elevated sea-to-air fluxes in contrast to the coastal
area. However, CH3I production may not be completely in-
dependent of biological parameters. Lacking correlations of
CH3I concentrations with pigment and flow cytometry data
does not necessarily allow for excluding a biological source
completely. The concentrations are a result of production and
loss processes, which may partly be temporally and spatially
decoupled. Another possible source for CH3I involves bac-
teria (Manley and Dastoor, 1998; Amachi et al., 2001; Fuse
et al., 2003) which has not been taken into account during
DRIVE. Additionally, Bell et al. (2002) suggested that or-
ganic precursors from phytoplankton production could be in-
volved in the photochemical formation of CH3I in the surface
ocean.

Atmospheric CH3I (0.6 to 3.3 ppt) measured during
DRIVE falls well within the range of tropical Atlantic val-
ues reported by Williams et al. (2007) of 1.4 (0.6–3.0) ppt.
Air mass back trajectory analysis and similar ranges of atmo-
spheric CH3I at open ocean station S1 and parallel at CVAO
on Cape Verde indicate open ocean air masses at both lo-
cations on 4 June (Fuhlbrügge et al., 2013). Wind speed at
Cape Verde was highly variable on June 6 (Fig. 3d) leading to
high variations in local sea-to-air fluxes likely causing the ob-
served higher mean variability in atmospheric CH3I at CVAO
parallel to open ocean station S2 (Sect. 4.1.2, Fig. 3a). At-
mospheric CH3I during DRIVE at CVAO (0.7–1.8 ppt) was
generally lower than the 1.2–13.8 ppt detected by O’Brien et
al. (2009) in a similar season.

Non-biological or indirect biological formation mecha-
nisms in the surface water seem likely since the variability in
oceanic CH3I was not correlated to the measured biological
variables. Although a biological source cannot completely be
excluded, the abiotic formation thus appears as main driver
for variations of its concentration gradient across the air-sea
interface with negligible influence from atmospheric CH3I
on oceanic concentrations.

5.1.2 The relative influence of concentration gradient
and wind speed on sea-to-air fluxes of CH3I

Applying the parameterization of Nightingale et al. (2000),
sea water concentrations and wind speed were almost equally
important as driving factors for the variations in the CH3I
sea-to-air flux for the whole cruise region (Fig. 7) based on
their similar regional variability (see the scatter in Fig. 8a

and similar error bars at the plot that includes all data points
in Figure 8b). Diel variability in fluxes could be mainly as-
cribed to variations in oceanic CH3I, since they were much
higher than the diel variability in wind speed (Fig. 8a, b).
Significant correlations of wind speed with sea-to-air fluxes
of CH3I were only found at two 24h-station. The high corre-
lation to wind speed at S1 was caused by the large variability
of the generally low speeds in combination with a relatively
constant high concentration gradient. Here we note that al-
though the parameterization of Nightingale et al. (2000) is a
commonly applied parameterization forkw in oceanic trace
gas emissions, it might not include all factors influencing
sea-to-air fluxes. Stability of the atmosphere and the ocean,
sea state, bubble transfer, as well as surfactants might influ-
ence the transfer across the air-sea interface as well. Some of
these factors are included in the TOGA COARE algorithm
representing an alternative method for deriving transfer co-
efficients, which involves an additional set of meteorological
parameters such as air temperature and specific humidity pro-
files, solar irradiance, downwelling longwave irradiance, and
precipitation (Fairall et al., 2003).

Our mean (10th–90th percentile) fluxes of 268 (64–550)
in the open ocean and 246 (42–523) pmol m−2 h−1 in the
coastal region are 7.5 and 8.7 lower than the fluxes of
Jones et al. (2010) of 2021 (417–4046) and 2154 (321–
4096) pmol m−2 h−1. Although the spatial resolution of the
measurements by Jones et al. (2010) in the same region
was higher than during DRIVE, the difference in emission
strength can be mainly explained by their large sea water
concentrations and very low atmospheric mixing ratios com-
pared to our study. The fluxes reported here were 3.8 times
lower than fluxes reported by Richter and Wallace (2004)
(958.3± 750.0 pmol m−2 h−1) using a similar flux parame-
terization which are a result of higher oceanic CH3I as well.

5.2 Sea-to-air fluxes of CHBr3 and CH2Br2

5.2.1 Oceanic and atmospheric CHBr3 and CH2Br2 as
drivers of regional and diel variability of the
concentration gradient

The oceanic concentrations of both compounds were gener-
ally driving factors for their concentration gradients during
DRIVE. Only in the open ocean atmospheric CHBr3 and
CH2Br2 reduced the sea-to-air fluxes significantly (Fig. 6)
where the low oceanic concentrations were close to equilib-
rium with the atmosphere and even led to undersaturation of
CHBr3 at S2. The concentration gradient increased towards
the Mauritanian upwelling with a much more pronounced in-
crease in oceanic CHBr3 and CH2Br2 than in the atmosphere.
The oceanic and atmospheric concentrations as well as the
concentration gradients of both bromocarbons peaked simul-
taneously at coastal station S5. Open ocean CHBr3 (1.0–
3.8 pmol L−1) and CH2Br2 (1.0–2.2 pmol L−1), increasing
towards the coast of Mauritania to 8.1–42.4 pmol L−1 and
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Fig. 8. Left side – wind speed versus CH3I (a), CHBr3 (c) and CH2Br2 (e) water concentrations. Symbols are filled according to their sea-
to-air flux (see color bars). Right side – mean wind speed versus mean CH3I (b), CHBr3 (d) and CH2Br2 (f) water concentrations with their
standard deviations which is expressed in error bars (horizontal for water concentrations and vertical for wind speed) for each diel station
(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
at p <0.05 and what they are indicative for.

Pigment Indicative for CHBr3 CH2Br2

Chlorophyllb Chlorophytes x x
Chlorophyllc3 Haptophytes x
Fucoxanthin

Diatoms
x x

Diatoxanthin x
Zeaxanthin Cyanobacteria x
α-carotene

Cryptophytes
x

Alloxanthin x
Pyrophaephorbide a Grazing x

3.1–9.4 pmol L−1, respectively were in good agreement to
earlier studies conducted in the oligotrophic tropical and
subtropical Atlantic. Class and Ballschmiter (1988) reported
3.2–23.7 pmol L−1 for CHBr3 and 1.7–5.8 pmol L−1 for
CH2Br2 in March, Schall et al. (1997) found 3.2–8.0 for
CHBr3 and 1.0–1.8 pmol L−1 for CH2Br2 in boreal winter-
time, while Carpenter et al. (2009) published values from
the same season as DRIVE of 2.1–43.6 for CHBr3 and 0.7–
8.7 pmol L−1 for CH2Br2 with the highest values in the Mau-
ritanian upwelling and close to the coast. In contrast to
oceanic CH3I during DRIVE, oceanic CHBr3 and CH2Br2
was elevated in the biological active regions and correlated
with phytoplankton pigments.

Possible biological sources during DRIVE were identi-
fied by using pigments indicative for various phytoplank-

ton groups which were investigated with MLR more thor-
oughly. However it should be noted that, for example, fucox-
anthin, which mainly occurs in diatoms, is also present in
other phytoplankton groups to a certain extent (Jeffrey and
Vesk, 1997). Production of halocarbons and the occurrence
of the phytoplankton pigments may also take place on dif-
ferent time scales, which may obscure or stimulate a correla-
tion. CHBr3 and CH2Br2 showed a relationship toChloro-
phytesand Diatoms while CHBr3 also correlated signifi-
cantly with Cyanobacteriaand CH2Br2 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 CHBr3 and CH2Br2 were in best agree-
ment to each other.Diatoms, although they were the dom-
inant species in the Mauritanian upwelling and have been
shown to produce halocarbons in the laboratory (Moore et al.,
1996), appeared not as major contributors to bromocarbons
which is in agreement to Quack et al. (2007b). Addition-
ally, pyrophaeophorbidea was shown to be significant for the
CHBr3 distribution. This chlorophyll degradation product is
specific for grazing which could lead to release of bromo-
carbons (Nightingale et al., 1995) produced within the algae
(Moore et al., 1996). The correlations with phytoplankton
pigments indicate a potential biological production of CHBr3
and CH2Br2, which is also supported by their regional distri-
bution. However, these correlations can neither resolve the
rates of production and loss processes of bromocarbons in
the ocean, nor their temporal and spatial distribution. Thus,
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the correlations found during DRIVE only represent indica-
tors to possible source organisms.

Diel variability in the open ocean for both bromocarbons
was very low and increased towards the coast. No rela-
tionship of halocarbons to either light, SST or salinity was
found during 24 h. Elevated CHBr3 and CH2Br2 were usu-
ally observed during evening (S3, S4 and S6) and night
hours (S5). In contrast, many laboratory and field studies
with both macroalgae and phytoplankton have shown max-
ima of CHBr3 and CH2Br2 during the day which was at-
tributed to light induced oxidative stress on the organisms
(Ekdahl et al., 1998; Carpenter et al., 2000; Abrahamsson
et al., 2004). Bromocarbon production from phytoplankton
is still poorly characterized. Elevated bromocarbon produc-
tion during night may indicate formation during respiration
in contrast to light linked production during photosynthesis
(Ekdahl et al., 1998; Abrahamsson et al., 2004) or other stress
factors such as grazing. Alternatively, CHBr3 and CH2Br2
could also be stored in the algal cells during light production
and released later during the night time (Ekdahl et al., 1998)
which would obscure a correlation to light in the field.

In conclusion, the regional variability of the concentra-
tion gradients of both bromocarbons was probably a result
of the regional differences in primary production supported
by their relationship to SST and phytoplankton pigment data
(Sect. 4.2.3).

5.2.2 The relative influence of concentration gradient
and wind speed on sea-to-air fluxes of CHBr3 and
CH2Br2

The regional distribution of sea-to-air fluxes of both bromo-
carbons was strongly determined by the most likely biolog-
ically produced oceanic CHBr3 and CH2Br2. The regional
variability in oceanic bromocarbons was much larger than
the regional variations in wind speed (Fig. 8c–f). However,
within individual stations, the variability in oceanic CHBr3
and CH2Br2 was mostly lower than the variations in wind
speed. At the open ocean stations, only very low oceanic
bromocarbons were measured leading to very low concen-
tration gradients and thus to very low sea-to-air fluxes, since
the wind speed did not have a large impact on the variabil-
ity of sea-to-air fluxes. With increasing oceanic CHBr3 and
CH2Br2 concentrations, the diel impact of changes in wind
speed on the sea-to-air flux variability increased which is ex-
pressed in high correlation coefficients (Table 4, Fig. 8c, e).
This effect was most pronounced for CH2Br2 which showed
the lowest diel concentration variability of all three halo-
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 CH3I emis-
sions (Sect. 5.1.2).

Carpenter et al. (2009) derived 8.9 times higher CHBr3
fluxes in the open ocean and 1.3 times higher in the coastal
region of mean (10th–90th percentile) 367 (42–625) and
1483 (421–3504) pmol m−2 h−1 in comparison to our study
with 41 (-150 – 222) and 1171 (300 – 2463) pmol m−2 h−1.
Sea-to-air fluxes of CH2Br2 calculated by Carpenter et
al. (2009) were 2.4 times higher in the open ocean and in
a similar range in the coastal region with 158 (17–288) and
554 (204–917) pmol m−2 h−1 in comparison to 66 (5–155)
and 483 (109–809) pmol m−2 h−1 (this study) analyzing the
same season and region although with higher spatial resolu-
tion. This resulted from larger concentration gradients due to
their lower atmospheric mixing ratios and comparable ambi-
ent parameters.

5.3 Other impact factors on sea-to-air fluxes: MABL
height and SST

Wind speed and concentration gradients are direct factors
that influence sea-to-air fluxes. Some more indirect factors
that could possibly impact the emissions include SST and
the MABL through their intensifying or decreasing effect on
the concentration gradient. Possible effects of the changes in
SST on the solubility of oceanic halocarbons and therewith
their concentration gradients were small during DRIVE com-
pared to the variability in sea water concentrations (Fig. 2).

The MABL height has implications for the atmospheric
mixing ratios of halocarbons and their sea-to-air fluxes via
the concentration or dilution of atmospheric halocarbons,
emitted from the oceans, within a decreasing or increasing
MABL height (Fuhlbrügge et al., 2013). In order to un-
derstand the possible effect of MABL variations, sea-to-air
fluxes of all three halocarbons were calculated with mini-
mum and maximum atmospheric mixing ratios associated
with high (S1) and low MABL heights (S5) to cover the
range of potential fluxes in the study region (Fig. 9). A differ-
ent concentration distribution caused by other atmospheric
conditions can change the CHBr3 and CH2Br2 sea-to-air
fluxes on average between 19 % (S5) and 4160 % (S1) for
CHBr3 and between 7 % (S5) and 1337 % (S1) for CH2Br2
(see the lower and upper limits in Fig. 9b–c; the shading im-
plicates the potential range). The effect on the CH3I fluxes
is from 1 % (S1) to 42 % (S4) (Fig. 9a) lower due to its
high supersaturation (Fig. 4a). Considering the large MABL
height changes occurring within one day above coastal sta-
tions, e.g. from 100 to 350 m at S6, the effect of the entailing
varying atmospheric mixing ratios on local emissions has to
be taken into account when assessing halocarbon sea-to-air
fluxes from coastal upwelling regions.
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Fig. 9. Sea-to-air fluxes for CH3I (a), CHBr3 (b) and CH2Br2 (c)
during DRIVE and the MABL height, determined by Fuhlbrügge et
al. (2013) as the dashed grey line are shown on the right side. The
upper and lower value of potential sea-to-air fluxes assuming the
lowest MABL (lower range, 3.0 ppt for CH3I, 3.1 ppt for CH2Br2
and 8.9 ppt for CHBr3) and the highest MABL (upper range, 0.6 ppt
for CH3I, 0.9 ppt for CH2Br2 and 0.5 ppt for CHBr3) valid for the
whole region are shaded in green.

5.4 Oceanic influence on atmospheric mixing ratios of
CH3I, CHBr 3 and CH2Br2

5.4.1 The contribution of the oceanic emissions to the
atmospheric mixing ratios

We have shown in the last sections that the sea-to-air fluxes
of halocarbons are dominated by the oceanic production and
that the sea water concentrations of bromocarbons are in-
creasing towards the coast. In order to understand the impor-
tance of sea-to-air fluxes for the atmospheric halocarbon dis-
tribution, we calculated their relative contributions to the at-
mospheric mixing ratios at the individual 24 h-stations. Pre-
vious studies assigned the high CHBr3 and CH2Br2 mix-
ing ratios above the coastal upwellling to air masses orig-
inating from the North West African continent (Quack et
al., 2007a) and very low atmospheric bromocarbons to air
masses from the northern open ocean (Carpenter et al., 2009;
Lee et al., 2010). Air masses during coastal station S5 also ar-
rived from the northern open ocean (Fuhlbrügge et al., 2013)
which contradicts the hypothesis that high atmospheric halo-
carbons could only be accounted for by continental sources.
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Fig. 10.Oceanic contributions to atmospheric halocarbons assum-
ing a mean distance of 200 km, mean wind speeds, mean sea-to-air
fluxes and background mixing ratios for the open ocean (CH3I =

0.50 ppt, CHBr3 = 0.50 ppt, CH2Br2 = 0.75 ppt) and the coastal re-
gion (CH3I = 0.75 ppt, CHBr3 = 3.00 ppt, CH2Br2 = 1.80 ppt), and
the MABL heights determined by Fuhlbrügge et al. (2013) at every
measurement point for CH3I (a), for CHBr3 (b) and for CH2Br2 (c),
outliers are excluded. The red dashed line marks 100 % in every
plot.

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
the MABL have numerically the same influence on atmo-
spheric mixing ratios since bromocarbons in the atmosphere
are within the calculations a product of both. Applying a
fetch of 200 km, the air mass travels approximately 7 h un-
til it arrives at the diel stations. Open ocean background
values for S1 and S2 were set to 0.50 ppt for CH3I and
CHBr3, and 0.75 ppt for CH2Br2, while higher background
values of 0.75 ppt for CH3I, 1.80 ppt for CH2Br2 and 3.00 ppt
for CHBr3 were assigned to coastal stations S3–S6. We did
not include the tropical atmospheric lifetimes of the three
halocarbons (7, 24, 123 days for CH3I, CHBr3, CH2Br2;
Montzka and Reimann, 2011) since the degradation during
the short-term box-calculation has no substantial influence
on the results. The oceanic emissions are nearly sufficient to
explain most of the atmospheric halocarbons (Fig. 10a–c).
Oceanic halocarbon contributions at S1–S6 (except for S5)
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Fig. 11.Correlations of oceanic versus atmospheric halocarbons (CHBr3 in a and CH2Br2 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 CH3I, between 18 and 126 %
for CHBr3 and from 47 to 148 % for CH2Br2 with generally
lowest contributions at S2 (40–69 % for CH3I, 18–45 % for
CHBr3 and 47–68 % for CH2Br2). At S5, the emissions from
the assumed 200 km fetch contributed 560 (CH3I)–800 %
(CHBr3) to the observed mixing ratios. At this station high
oceanic and atmospheric CHBr3 and CH2Br2 coincided with
very low MABL heights. These results suggest that (1) atmo-
spheric mixing ratios over the open ocean S1–S2 are derived
from regional emissions and distant sources, (2) the source
strength in combination with the observed MABL height can
nearly maintain the medium range of atmospheric mixing ra-
tios found at S3, S4, and S6, and (3) the high sea-to-air fluxes
and low MABL heights leading to the highly elevated at-
mospheric mixing ratios at S5 are a very local phenomenon,
constrained to the boundaries of this station. The large over-
estimation of mixing ratios within the box model is then a
result of the extrapolation of the high sea-to-air fluxes to the
fetch of 200 km. Vertical transport has been neglected in this
simple model approach, which likely introduces only small
errors since the top of the MABL was very stable and iso-
lated above all coastal stations (Fuhlbrügge et al., 2013).

While the Mauritanian upwelling has been identified to
contribute to the high atmospheric abundances of all halo-
carbons in the region, the elevated and highly variable atmo-
spheric mixing ratios of CHBr3 and CH2Br2 at Cape Verde
can be attributed to local sources. O’Brien et al. (2009) sug-
gested high atmospheric halocarbons at CVAO originating
from the coastal region off Mauritania. However, back tra-
jectory analysis revealed air masses at CVAO originating
from the open ocean during our investigation (Fuhlbrügge
et al., 2013). This together with the considerably lower at-
mospheric mixing ratios measured at the open ocean sta-

tions (0.5 – 2.4 ppt for CHBr3 and 0.9–1.6 ppt for CH2Br2)
and around the upwelling contradicts upwelling originated
halocarbons at Cape Verde during DRIVE. In addition,
CHBr3 reached its highest value of the whole campaign at
CVAO. Hence, the high and variable atmospheric CHBr3 and
CH2Br2 at Cape Verde in combination with comparably vari-
able wind speeds suggest local coastal sources for both com-
pounds.

5.4.2 Correlations between oceanic and atmospheric
CHBr 3 and CH2Br2

In contrast to the observations presented in Quack et
al. (2007a) and Carpenter et al. (2009), atmospheric CHBr3
and CH2Br2 followed the same regional distribution as their
oceanic counterparts. Water concentrations and atmospheric
mixing ratios of CHBr3 (R2 = 0.74) and CH2Br2 (R2 = 0.85)
correlated regionally very well during DRIVE (Fig. 11a–b)
which has not been observed during the other cruises. This
is likely caused by a combination of the stable and isolated
marine boundary layer observed over the upwelling, the co-
inciding high productivity and concentration of the bromo-
carbons in the upwelling, and the combined effects of air-
sea exchange as slowest process (over a considerable fetch)
and advection as the fastest (diluting with background air),
both influencing the atmospheric signals. We assume bio-
logical production of bromocarbons and mixing within the
water column also as rapid processes (Ekdahl et al., 1998).
Correlations between atmospheric mixing ratios and oceanic
concentrations within the individual 24h-stations were only
significant at open ocean station S2 for CHBr3 and at coastal
stations S4 and S6 for both compounds (Table 6). A diel anti-
correlation of atmospheric mixing ratios with water concen-
trations was also observed at several diel stations (S1, S2, S5,
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Table 6.Correlation coefficientsR2 and number of data points n of oceanic versus atmospheric bromocarbons for the whole cruise and each
individual station. Bold numbers indicate significant correlations with p <0.05. Italic numbers mark negative correlations.

Whole cruise S1
(17.6◦ N and
24.3◦ W)

S2
(18.0◦ N and
21.0◦ W)

S3
(18.0◦ N and
18.0◦ W)

S4
(18.5◦ N and
16.5◦ W)

S5
(19.0◦ N and
16.6◦ W)

S6
(20.0◦ N and
17.3◦ W)

CHBr3 0.74 0.01 0.52 0.01 0.45 0.05 0.20
CH2Br2 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) be-
tween the atmospheric and oceanic concentrations on a diel
scale is still lacking, since neither wind direction, includ-
ing land-sea breeze circulation (Fuhlbrügge et al., 2013), nor
MABL height variations led to clear correlations.

Positive and negative deviations from the overall good
regional correlation of sea water concentrations and atmo-
spheric mixing ratios could also be observed at the individ-
ual stations. Atmospheric concentrations can increase with
wind speed due to increasing sea-to-air fluxes, while elevated
wind speeds also dilute local emissions with background air
and vice versa. Thus, low wind speeds in the open ocean led
to lower atmospheric mixing ratios at S1 while the higher
wind speeds at S2 triggered average mixing ratios (Fig. 11).
This may not only be a result of increasing sea-to-air flux
and fetch, but may also be partly a result of the reduction
of the MABL height. While coastal stations S3, S4 and S6
have similar mean CHBr3 surface water concentrations, S6
showed the largest sea-to-air fluxes of these three stations due
to the largest prevailing wind speeds (see Fig. 5), but on av-
erage relatively low atmospheric mixing ratios (Fig. 11a, b).
We interpret this as intense transport phenomenon and pos-
sible dilution of the large sea-to-air fluxes with background
air masses due to intensifying winds and increasing MABL
height. Although atmospheric mixing ratios for CHBr3 and
CH2Br2 were highest at S5, they are on average much lower
as could be expected from the overall regional correlation
and the large sea water concentrations (see the data points
below the correlation line in Fig. 11a, b in contrast to most
of the data points from other stations that are above the line).
We hypothesize regional mixing with background air masses
as cause for the lower than average correlation of sea surface
CHBr3 and CH2Br2 and atmospheric bromocarbons, which
supports that the high atmospheric mixing ratios at S5, the
high sea-to-air fluxes, and low MABL height are very lo-
cal phenomena. The good overall correlation between atmo-
spheric and oceanic bromocarbons shows the dominance of
sea water production for the atmosphere. The co-correlation
of increased productivity and production of bromocarbons
during upwelling of cold and nutrient rich water and the
high atmospheric mixing ratios in a low and stable MABL
over the low sea surface temperature of the upwelled wa-
ter (Fuhlbrügge et al., 2013) can be explained within the

known concepts of wind driven air-sea exchange, advection
and MABL variations on a regional scale.

6 Summary and conclusions

We have discussed the temporal and spatial influence of bio-
logical productivity, wind speed, MABL height and SST on
oceanic emissions and atmospheric mixing ratios of halocar-
bons in the tropical North East Atlantic.

During DRIVE, oceanic CH3I neither showed a relation-
ship to phytoplankton pigments nor to cyanobacteria, and its
distribution appeared mainly as a result of abiotic or indirect
biological formation which seemed to be the main driver of
the CH3I concentration gradient between sea water and air.
On a regional scale, neither wind speed nor oceanic CH3I
were dominating the sea-to-air flux, while diel variations in
emissions were a result of varying oceanic CH3I concentra-
tions almost throughout the whole cruise. On the contrary,
the oceanic distribution of CHBr3 and CH2Br2 and their
emissions correlated with phytoplankton pigments which im-
plies a biological source, albeit with no clear diurnal cy-
cles unlike observed in previous studies. The variability in
wind speed gained increasing impact on the diel bromocar-
bon emissions with decreasing distance to the coast, because
the diel variability in oceanic CHBr3 and even more pro-
nounced in oceanic CH2Br2 was low in comparison to large
diel wind speed variations.

MABL height was identified as an additional factor im-
pacting oceanic emissions of halocarbons in the upwelling
through its influence on atmospheric halocarbon abundances.
Sea-to-air fluxes of CH3I were hardly influenced by the vary-
ing MABL due to its high supersaturation in sea surface
water. The sea-to-air fluxes of CHBr3 and CH2Br2 how-
ever were substantially influenced by atmospheric conditions
High atmospheric CH3I, CHBr3 and CH2Br2 mixing ratios
at a coastal site on the Cape Verde islands (CVAO) could
be attributed to local coastal sources. Regional oceanic bro-
mocarbon emissions from the upwelling, probably driven
by biological production, could in combination with vary-
ing and low MABL heights and air mass transport explain
most of the observed atmospheric halocarbons, contrasting
previous hypotheses regarding additional continental bromo-
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carbon sources above the upwelling. As a result, the atmo-
spheric bromocarbons showed significant and high overall
correlations with the oceanic concentrations, which is caused
by the coincidence of oceanic production in upwelled water
and low and stable MABLs over the cold upwelled water. We
therefore hypothesize that low MABL heights and high sea-
to-air fluxes coinciding with high atmospheric mixing ratios
could be a common feature in coastal upwelling systems (this
study; Fuhlbrügge et al., 2013).

The temporal and spatial development of biological pro-
duction, wind speed, SST and changes in atmospheric mix-
ing ratios with MABL height will influence the future sea-
to-air fluxes and their corresponding atmospheric mixing ra-
tios, as well as their contribution to atmospheric chemical
processes. Surface air and water temperature could play a
crucial role in the future development of wind speed via the
potentially increased land-sea pressure gradients. A potential
future increase of SST in the tropical oligotrophic Atlantic
(Hoerling et al., 2001) could lead to enhanced oceanic pro-
duction of CH3I (Richter, 2004) and in combination with re-
duced solubility to elevated emissions of CH3I. An elevation
of atmospheric CH3I with increasing SST and accompany-
ing physical-biological phenomena on a decadal scale has
already been shown by Yokouchi et al. (2012) in the tropi-
cal and temperate Pacific region. At the same time, the en-
hancement of eastern boundary upwelling systems accompa-
nied by increasing primary production (Lachkar and Gruber,
2012) could result in higher production of oceanic bromocar-
bons. Combined with elevated wind speeds (Bakun, 1990),
increased emissions of brominated compounds would be the
consequence. Hence, the relevance of the tropical upwelling
systems with respect to halocarbon emissions will likely in-
crease and the influence of the diel and regional drivers on
the emissions may be intensified. To better understand the
current and future roles of halocarbon emissions from marine
upwelling regions on global ozone changes and atmospheric
chemistry, it is important to continue to better quantify the
relative roles and interactions of oceanic halocarbon produc-
tion, wind speed and MABL height, SST and seasonal varia-
tions, as well as other relevant forcings in oceanic upwelling
regions around the global ocean.
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Abstract

Emissions of halogenated very short lived substances (VSLS) from the tropical
oceans contribute to the atmospheric halogen budget and affect tropospheric and
stratospheric ozone. Here we investigate the contribution of natural oceanic VSLS
emissions to the Marine Atmospheric Boundary Layer (MABL) and their transport5

into the Free Troposphere (FT) over the tropical West Pacific. The study concen-
trates in particular on ship and aircraft measurements of the VSLS bromoform, di-
bromomethane and methyl iodide and meteorological parameters during the SHIVA
(Stratospheric Ozone: Halogen Impacts in a Varying Atmosphere) campaign in the
South China and Sulu Seas in November 2011. Elevated oceanic concentrations10

of 19.9 (2.80–136.91) pmolL−1 for bromoform, 5.0 (2.43–21.82) pmolL−1 for dibro-
momethane and 3.8 (0.55–18.83) pmolL−1 for methyl iodide in particular close to Sin-
gapore and at the coast of Borneo with high corresponding oceanic emissions of
1486±1718 pmolm−2 h−1 for bromoform, 405±349 pmolm−2 h−1 for dibromomethane
and 433±482 pmolm−2 h−1 for methyl iodide characterize this tropical region as15

a strong source of these compounds. Unexpectedly atmospheric mixing ratios in the
MABL were relatively low with 2.08±2.08 ppt for bromoform, 1.17±1.17 ppt for dibro-
momethane and 0.39±0.09 ppt for methyl iodide. We use meteorological and chemical
ship and aircraft observations, FLEXPART trajectory calculations and source-loss esti-
mates to identify the oceanic VSLS contribution to the MABL and to the FT. Our results20

show that a convective, well-ventilated MABL and intense convection led to the low
atmospheric mixing ratios in the MABL despite the high oceanic emissions in coastal
areas of the South-China and Sulu Seas. While the accumulated bromoform in the
FT above the region origins almost entirely from the local South China Sea area, di-
bromomethane is largely advected from distant source regions. The accumulated FT25

mixing ratio of methyl iodide is higher than can be explained with the local oceanic or
MABL contributions. Possible reasons, uncertainties and consequences of our obser-
vations and model estimates are discussed.
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1 Introduction

The contribution of halogens to the atmospheric ozone chemistry is well known. Be-
sides the destruction of stratospheric ozone (Solomon, 1999), halogen radicals (chlo-
rine, bromine, iodine) also affect tropospheric ozone chemistry (Saiz-Lopez and von
Glasow, 2012). Halogen radicals are released via photochemical and heterogeneous5

reaction cycles from organic halogenated trace gases originating from anthropogenic
and natural sources, including macro algae, seaweed, phytoplankton and other marine
biota. A large number of very short lived brominated and iodinated organic substances
are emitted from tropical oceans and coastal regions to the atmosphere (Gschwend
et al., 1985; Carpenter and Liss, 2000; Quack and Wallace, 2003; Quack et al.,10

2007; Liu et al., 2013). In particular, marine emissions of bromoform (CHBr3), di-
bromomethane (CH2Br2) and methyl iodide (CH3I) are major contributors of organic
bromine and iodine to the atmosphere (Montzka and Reimann, 2011). Mean atmo-
spheric lifetimes of the halogenated very short lived substances (VSLS) are 26 days
for bromoform, 120 days for dibromomethane (Ko et al., 2003) and 4 days for methyl15

iodide (Solomon et al., 1994). Climate change could strongly affect marine biota and
thereby halogen sources and the oceanic emission strength (Hepach et al., 2014).

Aircraft measurements from Dix et al. (2013) suggest that the halogen-driven ozone
loss in the Free Troposphere (FT) is currently underestimated. In particular, significant
elevated amounts of the iodine oxide free radical (IO) were found in the FT over the20

Central Pacific suggesting that iodine has a much larger effect on the FT ozone bud-
get than currently estimated by chemical models. Coinciding with this study, Tegtmeier
et al. (2013) projected a higher methyl iodide delivery to the Upper Troposphere/Lower
Stratosphere (UTLS) over the tropical West Pacific than previously reported, using
an observation based emission climatology by Ziska et al. (2013). Significantly lower25

amounts of tropospheric and stratospheric ozone are found in chemistry-transport and
chemistry climate model runs when taking atmospheric bromine into account (von
Glasow et al., 2004; Yang et al., 2005, 2014). Even though the influence of halo-

17889

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

gens on the tropospheric and stratospheric ozone chemistry is crucial, halogen sources
and transport ways are still not fully understood. Deep tropical convective events (As-
chmann et al., 2011; Tegtmeier et al., 2013; Carpenter et al., 2014) as well as tropical
cyclones, i.e. typhoons (Tegtmeier et al., 2012) are projected to transport the VSLS
rapidly from the ocean surface to the upper tropical tropopause layer. The tropical West5

Pacific is an intense source region for VSLS (Krüger and Quack, 2013). However, only
low mean atmospheric mixing ratios were observed for VSLS in the Eastern and South-
east China Seas during ship cruises in 1994 and 2009 (Yokouchi et al., 1997; Quack
and Suess, 1999) and through the tropical West Pacific in 2010 (Quack et al., 2011;
Brinckmann et al., 2012). None of these previous studies investigated the contribution10

of oceanic VSLS emissions to the marine atmospheric boundary layer (MABL) and to
the FT in this hot spot region with large oceanic sources and strong convective activity.

The SHIVA (“Stratospheric Ozone: Halogen Impacts in a Varying Atmosphere”) ship,
aircraft and ground-based campaign during November and December 2011 in the
Southern South China and Sulu Seas investigated oceanic emission strengths of ma-15

rine VSLS, as well as their atmospheric transport and chemical transformation from the
ocean surface to the upper troposphere. The goal of SHIVA was to improve the predic-
tion of rate, timing and sensitivity of the ozone layer recovery due to climate forcing by
combining observations and models. For more details about the SHIVA campaign see
the ACP special issue (http://www.atmos-chem-phys.net/special_issue306.html).20

In this study, we present campaign data from the research vessel (R/V) SONNE and
the research aircraft (R/A) FALCON. We identify the contribution of oceanic emissions
to the MABL and their exchange into the FT applying in-situ observations, trajectory
calculations and source-loss estimates. The results are crucial for a better process
understanding and for chemical transport model validation (Hossaini et al., 2013; As-25

chmann and Sinnhuber, 2013). An overview of the data and the methods used in this
study is given in Sect. 2. Section 3 provides results from the meteorological observa-
tions along the cruise. Section 4 compares atmospheric VSLS measurements derived
on R/V SONNE and R/A FALCON by different gas chromatographic/mass spectromet-
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ric (GC/MS) instruments. The contribution of the oceanic emissions to the MABL and
FT air is investigated and discussed in Sect. 5 by applying model calculations and the
field observations. Finally, a summary of the results is given in Sect. 6.

2 Data and methods

2.1 SHIVA SONNE5

2.1.1 Ship cruise

The cruise of R/V SONNE started on 15 November 2011 in Singapore and ended on
29 November 2011 in Manila, Philippines (Fig. 1a). The ship crossed the southwest
South China Sea towards the northwest coast of Borneo from 16–19 November 2011.
From 19–23 November 2011 the ship headed northeast along the northern coast of10

Borneo towards the Sulu Sea. Two diurnal stations took place on 18 November 2011 at
2.4◦ N/110.6◦ E and on 22 November 2011 at 6.0◦ N/114.8◦ E. Two meetings between
R/V SONNE and R/A FALCON were carried out on 19 and 21 November 2011, where
R/A FALCON passed R/V SONNE within a distance of about 100 m for several times
to get simultaneous measurements of the same air masses. On 24 November 201115

the ship entered the Sulu Sea, and after 4 days transect, R/V SONNE reached the
Philippine coast.

2.1.2 Aircraft campaign

16 measurement flights were carried out with R/A FALCON between 16 November and
11 December 2011 as part of the SHIVA campaign to investigate halogenated VSLS20

from the surface up to 13 km altitude over the South China and Sulu Seas. Observa-
tions were performed between 1 and 8◦ N, as well as 100 and 122◦ E, using Miri, Borneo
(Malaysia) as the aircraft base. A detailed description of the VSLS measurements and
flight tracks can be found in Sala et al. (2014).
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2.2 Meteorological observations during SHIVA

2.2.1 Measurements onboard R/V SONNE

Meteorological parameters (temperature, air pressure, humidity and wind) were
recorded at 20 m height every second on R/V SONNE. A 10 min running mean of this
data is used for our investigations. An optical disdrometer (“ODM-470”) measured the5

amount and intensity of precipitation during the cruise at 15 m height every minute. To
obtain atmospheric profiles of air temperature, relative humidity and wind from the sur-
face to the stratosphere 67 GRAW DFM-09 and 6 GRAW DFM-97 radiosondes were
launched every 6 h at standard UTC times (00:00, 06:00, 12:00, 18:00) from the work-
ing deck of R/V SONNE at about 2 ma.s.l. At the 24 h stations, the launch frequency10

was increased to 2–3 h to analyse short term diel variations of the atmospheric bound-
ary layer. During the cruise the radiosonde data was integrated in near real time into the
Global Telecommunication System (GTS) to improve meteorological reanalyses such
as ERA-Interim, which is used as input data for the trajectory calculations (Sect. 5).

2.2.2 Marine atmospheric boundary layer15

The MABL is the atmospheric surface layer above the ocean in which trace gas emis-
sions are mixed vertically by convection and turbulence on short time scales of about
an hour (Stull, 1988; Seibert et al., 2000). The upper boundary of the MABL is ei-
ther limited by a stable layer e.g. a temperature inversion or by a significant reduc-
tion in air moisture. Determination of the MABL height can be achieved by theoretical20

approaches, e.g. using critical Bulk Richardson number (Troen and Mahrt, 1986; Vo-
gelezang and Holtslag, 1996; Sorensen, 1998) or by practical approaches summarized
in Seibert et al. (2000). An increase with height of the virtual potential temperature, the
temperature an air parcel would acquire if adiabatically brought to standard pressure
with regard to the humidity of the air parcel, identifies the base of the stable layer, which25

is typically found between 100 m and 3 km altitude (Stull, 1988). In this study, we use
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the height of the base of the stable layer increased by half of the stable layer depth as
definition for the MABL height. The height of the MABL is determined from the atmo-
spheric profiles measured by radiosondes launched on board the ship, as described in
detail by Fuhlbrügge et al. (2013).

2.2.3 Convective energy5

Intense solar insolation and high sea surface temperatures (SST) favour the South
China and Sulu Seas for high convective activity. To indicate atmospheric instabilities
that can lead to convective events the convective available potential energy (CAPE)
(Margules, 1905; Moncrieff and Miller, 1976) is calculated. CAPE is defined as the cu-
mulative buoyant energy of an air parcel from the level of free convection (LFC), the10

level where the environmental temperature decreases faster than the moist adiabatic
lapse rate of a saturated air parcel at the same level, and the equilibrium level (EL),
the height at which the air parcel has the same temperature as the environment. CAPE
is computed after Eq. (1), with g as the gravitational constant, Tv, p as the virtual tem-
perature of an adiabatic ascending air parcel at geometric height z, Tv, e as the virtual15

temperature of the environment at z, zLFC as the height of the level of free convection
and zEL as the height of the equilibrium level. CAPE can range from 0 to more than
3 kJkg−1 for very intense thunderstorms (Thompson and Edwards, 2000).

CAPE =

zEL∫

zLFC

g ·
(
Tv, p − Tv, e

Tv, e

)
dz (1)

2.3 VSLS measurements and flux calculation20

For the investigation of VSLS abundances, marine surface air and sea water were sam-
pled synchronously on R/V SONNE along the cruise track. From these measurements
the oceanic emissions of the compounds during the SHIVA campaign were calculated
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(Sect. 2.3.3). Additionally, VSLS abundances in the MABL and the FT were measured
by R/A FALCON.

2.3.1 Atmospheric samples

Air samples were taken on a 3 hourly basis along the cruise track, and in a 1–2 hourly
rhythm during the 24 h stations on R/V SONNE resulting in a total of 195 samples dur-5

ing the cruise. The air was pressurized to 2 atm in pre-cleaned stainless steel canisters
using a metal bellows pump. The samples were analyzed within 6 months after the
cruise at the Rosenstiel School for Marine and Atmospheric Sciences (RSMAS, Miami,
Florida) according to Schauffler et al. (1999) with an instrumental precision of ∼ 5 %.
Further details on the precision and the preparation of the samples and the use of stan-10

dard gases are described in Montzka et al. (2003) and Fuhlbrügge et al. (2013). On
R/A FALCON ambient air was analysed in situ by a GhOST-MS (Gas Chromatograph
for the Observation of Stratospheric Tracers – coupled with a Mass Spectrometer) by
the Goethe University of Frankfurt (GUF). Additionally 700 mL glass flasks were filled
with ambient air to a pressure of 2.5 bar with a diaphragm pump using the R/A FALCON15

whole air sampler (WASP) and analysed within 48 h by a ground-based gas chromatog-
raphy – mass spectrometry (GC/MS) instrument (Agilent 6973) of the University of East
Anglia (Worton et al., 2008). During the flights GhOST measurements were conducted
approximately every 5 min with a sampling time of 1 min, while WASP samples were
taken every 3–15 min with a sampling time of 2 min. Further details on the instrumen-20

tal precision, intercalibration of both instruments and observations on R/A FALCON
are given in Sala et al. (2014). Given that the ground-based GC/MS investigated only
brominated compounds, methyl iodide data is not available from WASP. Measurements
from R/V SONNE and R/A FALCON were calibrated both with NOAA standards.
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2.3.2 Water samples

Sea water samples for dissolved VSLS were taken in-situ on a 3 hourly basis from the
moon pool of R/V SONNE at a depth of 5 m from a continuously working water pump.
Measurements were interrupted between 16 November, 00:00 UTC to 17 Novem-
ber 2011 12:00 UTC due to permission issues in the southwest South China Sea. For5

the analysis of the water samples, a purge and trap system was attached to a gas
chromatograph with mass spectrometric detection in single-ion mode with a precision
of 10 % determined from duplicates. The approach is described in detail by Hepach
et al. (2014).

2.3.3 Sea–air flux10

The sea–air flux (F ) of bromoform, dibromomethane and methyl iodide is calculated
with kw as specific transfer coefficient of the compound and ∆c as the concentra-
tion gradient between the specific water and atmospheric concentrations (Eq. 2). For
the determination of kw , the air–sea gas exchange parameterization of Nightingale
et al. (2000) was used and a Schmidt number (Sc) correction to the carbon dioxide15

derived transfer coefficient kCO2
after Quack and Wallace (2003) was applied for the

three gases (Eq. 3).

F = kw ·∆c (2)

kw = kCO2
· Sc−

1
2

600
(3)

Details on deriving the air–sea concentration gradient are further described in Hepach20

et al. (2014) and references therein.
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2.4 Oceanic VSLS contribution to the MABL and FT

2.4.1 Trajectory calculations

For the determination of the air mass transport from the surface to the FT the La-
grangian Particle Dispersion Model FLEXPART of the Norwegian Institute for Air Re-
search in the Department of Atmospheric and Climate Research (Stohl et al., 2005)5

was used. The model has been extensively evaluated in earlier studies (Stohl et al.,
1998; Stohl and Trickl, 1999) and includes parameterizations for turbulence in the at-
mospheric boundary layer and the FT as well as moist convection (Stohl and Thomson,
1999; Forster et al., 2007). Meteorological input fields are retrieved from the ECMWF
(European Centre for Medium-Range Weather Forecasts) assimilation reanalysis prod-10

uct ERA-Interim (Dee et al., 2011) with a horizontal resolution of 1◦ ×1◦ and 60 vertical
model levels. The ship-based radiosonde measurements (Sect. 2.2.1) were assimilated
into ERA-Interim data. The 6 hourly input fields provide air temperature, horizontal and
vertical wind, boundary layer height, specific humidity, as well as convective and large
scale precipitation. For the trajectory analysis, 80 release points were defined along15

the cruise track. Time and position of these release events are synchronized with the
water and air samples (Sect. 2.3). At these releases, 10 000 trajectories were launched
per release point from the ocean surface within a time frame of ±30 min and an area
of ∼ 500 m2.

2.4.2 VSLS source-loss estimate in the MABL20

A VSLS source-loss estimate for the MABL over the South China and Sulu Seas is
obtained by applying the mass balance principle to the oceanic emissions, and to the
time scales of air mass transport from FLEXPART and chemical loss. For each release
event we define a box of the size given by the in-situ height of the MABL and by the hor-
izontal area of the trajectory releases (∼ 400 m2 centred on the measurement location).25

Our VSLS source-loss estimate is based on a steady-state assumption of a constant
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VSLS mixing ratio (given by the atmospheric measurements) within this box. The aver-
age VSLS delivery and loss calculated for these boxes is denoted as MABL source-loss
estimate in this manuscript.

To derive the amount of VSLS delivery to the MABL by oceanic emissions, we con-
sider the specific sea–air flux constant during each trajectory release and the emis-5

sions homogeneously distributed in the MABL. The contribution of the sea–air flux to
the MABL concentrations of the specific compounds is defined as the Oceanic Delivery
(OD). The OD is calculated as the ratio of the VSLS flux out of the ocean (in mol per
day) and the total amount of the VSLS in the box (in mol) with the latter derived from the
box dimensions and the measured VSLS mixing ratio, given in percentage per day. An-10

other important process determining the VSLS concentrations in the MABL is the loss
of MABL air to the FT caused by vertical transport, defined here as COnvective Loss
(COL). This loss process is calculated from the mean residence time of the FLEXPART
trajectories in the observed MABL during each release, is given as a negative number
in percentage per day and equals the loss of VSLS from the MABL to the FT. Chemical15

loss processes in form of reaction with OH and photolysis can be described by the
chemical lifetime of the VSLS in the MABL. Based on tropical MABL lifetime estimates
of 16 days for bromoform, 60 days for dibromomethane (Hossaini et al., 2010) and 3
days for methyl iodide (R. Hossaini, personal communication, 2013) the Chemical Loss
(CL) is estimated in percentage per day and given as a negative quantity.20

Relating the delivery of VSLS from the ocean to the MABL (OD) and the loss of
MABL air with the contained VSLS to the FT (COL) results in an Oceanic Delivery
Ratio (ODR) (Eq. 4):

ODR =
OD[%day−1]

−COL[%day−1]
=

Sea–Air flux contribution [%day−1]

Loss of MABL air to the FT [%day−1]
(4)
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Similarly, we relate the Chemical Loss in the MABL (CL) to the MABL VSLS loss into
the FT (COL) to derive a Chemical Loss Ratio (CLR) (Eq. 5):

CLR =
CL [%day−1]

−COL [%day−1]
=

Loss through chemistry [%day−1]

Loss of MABL air to the FT [%day−1]
(5)

Assuming steady state in the box, the oceanic delivery, chemical loss and loss to the
FT must be balanced by advective transport of air masses in and out of the box. We5

define the change of the VSLS through advective transport as Advective Delivery (AD)
in percentage per day (Eq. 6). Additionally, we define the ratio of change in VSLS
caused by advection (AD) to the loss of VSLS out of the MABL to the FT as Advective
Delivery Ratio (ADR) in Eq. (7):

AD = −COL−CL−OD (6)10

ADR =
AD [%day−1]

−COL [%day−1]
= 1−CLR−ODR (7)

Note that for the VSLS within the MABL box, COL and CL are loss processes and given
as negative numbers while OD and AD (besides a very few exceptions for the latter)
are source processes and given as positive numbers. In order to derive the ratios, we
have divided CL, OD and AD by −COL and therefore end up with negative ratios for15

the loss process and positive ratios for the source processes.
In a final step, we relate the source-loss ratios (ODR, CLR and ADR) to the MABL

VSLS volume mixing ratio (VMRMABL) in the box (Eq. 8–10), to derive information on
the different contributions to the observed mixing ratio. Assuming steady state in the
box and a complete loss of all air masses into the FT, we want to estimate how much of20

newly supplied VSLS results from oceanic delivery (VMRODR), how much is destroyed
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by chemistry (VMRCLR) and how much results from advective transport (VMRADR).

VMRODR = ODR ·VMRMABL (8)

VMRCLR = CLR ·VMRMABL (9)

VMRADR = ADR ·VMRMABL (10)

2.4.3 Oceanic and MABL VSLS contribution to the FT5

The cruise covered heterogeneous oceanic regions in the South China Sea. We use
a simplified approach to calculate the mean contribution of boundary layer air masses
observed on the ship and the oceanic compounds therein to the FT above the South
China and Sulu Seas. The contribution is determined as a function of time and altitude
based on the distribution of the trajectories released at each measurement location10

along the ship track. According to R/A FALCON observations and our trajectory calcu-
lations we assume a well mixed FT within 5◦ S–20◦ N, 100–125◦ E. Observations on R/V
SONNE, on the other hand, are characterized by large variability and are considered to
be representative for the area along the cruise track where the VSLS were measured
in the water and atmosphere. We constrain our calculations to this area and define15

80 vertical columns along the cruise track. Each column extends horizontally over the
area given by the starting points of the trajectories (20 m×20 m centred on the mea-
surement location) and vertically from the sea surface up to the highest point of R/A
FALCON observations around 13 km altitude. For each of the 80 trajectory releases
along the cruise track, 10 000 trajectories were launched and assigned an identical20

MABL air parcel containing air with the VSLS mixing ratios observed on R/V SONNE
during the time of the trajectory release. The volume of the air parcel is given by the
in-situ height of the MABL and the horizontal extend of the release box (20 m×20 m)
divided by 10 000 trajectories. The transport of the MABL air parcels is specified by the
trajectories, assuming that no mixing occurs between the parcels during the transport.25

Chemical loss of the VSLS in each air parcel is taken into account through chemical
degradation according to their specific tropospheric lifetimes. We average over the vol-
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ume and mixing ratios of all trajectories within the South China Sea area independent
of their exact horizontal location. Since the VSLS mixing ratios in the FT from the air-
craft measurements are representative for the whole South China Sea area, it is for our
approach not important where the air parcels reside within this area. Only if trajectories
leave the South China Sea area they are not taken into account any longer. Due to the5

decreasing density of air in the atmosphere with height, the volume of the MABL air
parcels expands along the trajectories with increasing altitude. The expanding MABL
air parcels take up an increasing fraction of air within the FT column, which is taken into
account in our calculations using density profiles from our radiosonde measurements.

We calculate the contribution of oceanic compounds to the FT for 25 layers of 500 m10

height intervals, situated between 0.5 and 13 km altitude within the column above the
measurement location. For each layer, the ratio rMABL of the volume of the MABL air
parcels with the VSLS mixing ratio VMRMABL to the whole air volume of the layer is
calculated. The ratio of advected FT air with a mixing ratio VMRAFT to the whole air
volume of the layer is rAFT respectively, with rMABL + rAFT = 1. In our simulation, the15

FT air with a mixing ratio VMRFT observed by R/A FALCON at a specific height is
composed of the MABL air parcels and of the advected FT air parcels (Eq. 11):

rMABL ·VMRMABL + rAFT ·VMRAFT = (rMABL + rAFT) ·VMRFT (11)

The relative Contribution CMABL of VSLS observed in the MABL to the VSLS observed
in the FT is computed in altitude steps of 500 m (Eq. 12):20

CMABL[%] = 100 · (rMABL ·VMRMABL)/VMRFT (12)

The oceanic Contribution CODR of the South China Sea to the atmospheric mixing
ratios in the FT is computed after Eq. (13):

CODR[%] = 100 · (rMABL ·VMRODR)/VMRFT (13)

The simplified approach also allows us to derive mean VSLS mixing ratios accumulated25

in the FT from both MABL VSLS and oceanic emissions. The FT VSLS mixing ratios are
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simulated for each of the 80 releases by initiating a new trajectory release using same
meteorological conditions and VSLS MABL observations, when the former MABL air
has been transported into the FT, according to the specific residence time in the MABL.
The initial FT background mixing ratios are 0 ppt for each VSLS. The accumulated
mean mixing ratio of a compound at a specific height is then computed after Eq. (14):5

VMRMFT = rMABL1
·VMRMABL1

+ rMABL2
·VMRMABL2

+ . . .+ rMABLi
·VMRMABLi

(14)

Here, VMRMFT is the modelled accumulated FT mixing ratio, rMABLi
is the ratio of MABL

air parcels in 20 m×20 m× 500 m layers between 0.5 and 13 km altitude to the total
volume of each layer, VMRMABLi

is the mixing ratio in the MABL air parcels including
chemical degradation since release from the MABL, i is the number of initiated runs per10

release. A steady state for the compounds is reached, when variations in their mixing
ratios vary less than 1 % between two initiated runs. For bromoform the steady state is
reached after 11.0±2.1 days (mean±σ), 11.8±2.4 days for dibromomethane and 8.0±
1.4 days for methyl iodide. The overall mean FT mixing ratio in the South China Sea is
derived as the mean from the 80 individually calculated FT mixing ratios determined15

along the cruise. The oceanic contribution to the FT compounds is calculated with
VMRODR from Eq. (8) inserted as VMRMABL in Eq. (14).

3 Meteorological conditions in the MABL and the FT

3.1 Meteorology along the ship cruise

Moderate to fresh trade winds are dominating the South China and Sulu Seas (Fig. 1a20

and b), which is reflected by the overall mean wind direction of northeast (50–60◦)
and a mean wind speed of 5.5±2.9 ms−1 during the cruise. The wind observations
reveal two different air mass origins. Between 15 and 19 November 2011 a gentle
mean wind speed of 3.7±1.8 ms−1 with a northern wind direction was observed, influ-
enced by a weak low pressure system (not shown here) over the central South China25
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Sea moving southwest and passing the ship position on 17 November 2011. During
20–29 November 2011 the wind direction changed to northeast and the mean wind
speed increased to moderate 6.4±3.0 ms−1. A comparison between 6 hourly ERA-
Interim wind and a 6 hourly averaged mean of the observed wind on R/V SONNE
reveals an underestimation of the wind speed by ERA-Interim along the cruise track by5

1.6±1.4 ms−1 on average (not shown here). The mean deviation of the wind direction
between reanalysis and observation is 2±37 ◦. Reanalysis and observed wind speeds
correlate with R = 0.76 and the wind directions with R = 0.86, reflecting a good overall
agreement between ship observation and ERA-Interim winds. With an observed mean
surface air temperature (SAT) of 28.2±0.8 ◦C and a mean SST of 29.1±0.5 ◦C the10

SAT is on average 1.0±0.7 ◦C below the SST, which benefits convection of surface air
(Fig. 2).

3.2 CAPE and humidity

The mean CAPE computed from the radiosonde data is 998±630 Jkg−1 and typi-
cally elevated for tropical regions (Fig. 3). Highest CAPE during the cruise was ob-15

served on 16 November 2011 at 12:00 UTC in the southern South China Sea and
exceeded 2.9 kJkg−1, revealing developing convection. ERA-Interim mean CAPE dur-
ing the cruise was 825±488 Jkg−1 and about 170 Jkg−1 lower than observed by the
radiosondes.

Precipitation measurements by the optical disdrometer ODM-470 are shown in20

Fig. 3. Besides a number of small rain events during the cruise, three major convective
rain events are evident on 16, 21, and 24 November 2011. The total amount of accu-
mulated rain during the cruise was 52.3 mm. The most intense rain rate of 16.3 mmh−1

was observed on 16 November 2011 in the southwest South China Sea. The relatively
low total precipitation during the cruise is reflected by negative precipitation anomalies25

in November 2011 compared to the long term climate mean along the northern coast
of Borneo (Climate Diagnostics Bulletin, November 2011, Climate Prediction Center).
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Figure 4 shows the time series of the relative humidity measured by the radioson-
des launched on R/V SONNE from the surface up to the mean height of the cold point
tropopause at 17 km. Increased relative humidity within the lower troposphere coin-
cides with the rain fall events observed by the disdrometer on 16, 21, and 24 November
2011 (compare with Fig. 3). Elevated humidity is found on average up to about 6 km,5

which implies a distinct transport of water vapour to the mid troposphere during the
cruise by deep convection or advection of humid air from a nearby convective cell.

3.3 Marine atmospheric boundary layer

Higher SSTs than SATs (Fig. 2) cause unstable atmospheric conditions (negative val-
ues) between the surface and about 50–100 m height (Fig. 5). Surface air is heated by10

warmer surface waters and is enriched with humidity both benefiting moist convection.
The stability of the atmosphere increases above 420±120 m and indicates the upper
limit of the MABL at this altitude range derived from radiosonde data (Fig. 5). The ERA-
Interim MABL height along the cruise track is with 560±130 m systematically higher,
but still within the upper range of the MABL height derived from the radiosonde mea-15

surements. The unstable conditions of the MABL and the increase of the atmospheric
stability above the MABL reflect the characteristics of a convective well ventilated trop-
ical boundary layer. In contrast to cold oceanic upwelling regions with a stable and
isolated MABL (Fuhlbrügge et al., 2013), the vertical gradient of the relative humidity
measured by the radiosondes (Sect. 3.1) and the height of the MABL do not coincide.20

This is caused by increased mixing through and above the MABL by turbulence and
convection, which leads to the well-ventilated convective MABL.
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4 Atmospheric VSLS over the South China and Sulu Seas

4.1 Atmospheric surface observations on R/V SONNE

Overall, the three VSLS bromoform, dibromomethane and methyl iodide show a similar
pattern of atmospheric mixing ratios (Fig. 6a) along the cruise track with lower atmo-
spheric surface abundances before 21 November 2011, west of Brunei and higher af-5

terwards, which can be attributed to a change in air mass origin as well as an increase
of the observed wind speed (Fig. 1). A decrease from 3.4 to 1.2 ppt of bromoform is
found at the beginning of the cruise (Fig. 6a) when the ship left Singapore and the
coast of the Malaysian Peninsula. On 16–19 November 2011 when the ship passed
the southern South China Sea the lower mixing ratios (± standard deviation 1σ) of10

1.2±0.3 ppt prevail and also the lowest mixing ratios for bromoform during the whole
cruise of 0.8 ppt are found. At the coast of Borneo and the Philippines, the average
mixing ratio of bromoform increases to 2.3±1.4 ppt. During the two 24 h stations, the
mean mixing ratios are 1.4±0.2 ppt for the first and 2.6±0.4 ppt for the second station.
The overall mean bromoform mixing ratio during the cruise is 2.1±1.4 ppt (Table 1) and15

therefore higher than earlier bromoform observations of 1.2 ppt in January–March 1994
(Yokouchi et al., 1997), 1.1 ppt in September 1994 (Quack and Suess, 1999) and
1.5 ppt in June–July 2009 (Nadzir et al., 2014) further offshore in the South China
Sea. The higher atmospheric mixing ratios during the R/V SONNE cruise in Novem-
ber 2011 in contrast to the lower mixing ratios in these previous studies may point20

to stronger local sources, strong seasonal or interannual variations, or even to long-
term changes. Dibromomethane shows a mean mixing ratio of 1.2±0.2 ppt (Table 1).
Yokouchi et al. (1997) observed a lower mean atmospheric mixing ratio of 0.8 ppt and
Nadzir et al. (2014) 1.0 ppt in the South China Sea. An increase of the dibromomethane
mixing ratios from 1.0±0.1 ppt to 1.3±0.2 ppt is observed after 21 November 2011 co-25

inciding with an increase of the methyl iodide concentrations from primarily 0.3±0.0 ppt
to 0.4±0.1 ppt (Fig. 6a). The highest mixing ratio of methyl iodide was detected in the
south western Sulu Sea on 25 November 2011 with 0.8 ppt. The overall mean atmo-
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spheric mixing ratio for methyl iodide, of 0.4±0.1 ppt (Table 1) is lower than the mean
of 0.6 ppt observed by Yokouchi et al. (1997).

The concentration ratio of dibromomethane and bromoform (Fig. 6b) has been used
as an indicator for the age of air masses, after they crossed strong coastal source
regions, where a ratio of approximately 0.1 was observed (Yokouchi et al., 2005; Car-5

penter et al., 2003). The ten times elevated bromoform has a much shorter lifetime,
thus degrades more rapidly than dibromomethane, which increases the ratio during
transport. Overall, the mean concentration ratio of dibromomethane and bromoform is
0.6±0.2, which suggests that predominantly older air masses are advected over the
South China Sea. The highest concentration ratio of 1.2, likely indicating the oldest air10

mass, is observed on 16 November 2011.

4.2 Oceanic surface concentrations and emissions from R/V SONNE

VSLS in the surface sea water along the cruise track show highly variable distribu-
tions (Fig. 6c and Table 1). Oceanic bromoform surface concentrations range from 2.8–
136.9 pmolL−1 with a mean of 19.9 pmolL−1 during the cruise, while dibromomethane15

concentrations range from 2.4–21.8 pmolL−1 with a mean of 5.0 pmolL−1. Bromoform
and dibromomethane have similar distribution patterns in the sampling region with near
shore samples showing typically elevated concentrations. Methyl iodide concentrations
range from 0.6–18.8 pmolL−1 with a mean of 3.8 pmolL−1 and show a different distri-
bution along the ship track than the two bromocarbons, indicating different sources.20

High levels of all VSLS are found in waters close to the Malaysian Peninsula, espe-
cially in the Singapore Strait on 16 November 2011, likely showing an anthropogenic
influence on the VSLS concentrations. VSLS concentrations decrease rapidly when the
cruise track leads to open ocean waters. Along the west coast (19–23 November 2011)
and north east coast of Borneo (25 November 2011), bromocarbon concentrations are25

elevated, and especially bromoform concentrations increase in waters influenced by
river run.
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Oceanic emissions were calculated from synchronized measurements of sea wa-
ter concentrations and atmospheric mixing ratios, sea surface temperatures and wind
speeds, measured on the ship (Sect. 2.3.3). The overall VSLS distribution along the
ship track is opposite for the oceanic and atmospheric measurements (Fig. 6a–d).
While the sea water concentrations of VSLS generally decrease towards the Sulu Sea,5

the atmospheric mixing ratios increase, leading to a generally lower concentration gra-
dient of the compounds between sea water and air in the Sulu Sea (not shown here).

Coinciding low VSLS atmospheric background concentrations, high SSTs, elevated
oceanic VSLS concentrations and high wind speeds, lead to high emissions of VSLS
for the South China and Sulu Sea’s (Fig. 6d). In particular, bromoform fluxes are very10

high and in agreement with coastal fluxes from previous campaigns in tropical source
regions (Quack et al., 2007). They often exceed 2000 pmolm−2 h−1 in the coastal areas
and even reach more than 6000 pmolm−2 h−1 as in the Singapore strait on 15 and on
22 November 2011 at the northwest coast of Borneo, which was also an area of strong
convection (Figs. 1, 2, and 6).15

4.3 VSLS intercomparison: R/A FALCON and R/V SONNE

The two profiles of bromocarbon mixing ratios from the surface to 13 km altitude (Sala
et al., 2014) and the profile for methyl iodide as observed on R/A FALCON with the
GhOST and WASP instruments are shown in Fig. 7. Mean bromoform mixing ratios
are 1.43 ppt (GhOST) and 1.90 ppt (WASP) in the MABL (0–450 m, determined from20

meteorological aircraft observations similarly as for the radiosondes, Sect. 2.2.2) and
0.56 ppt (GhOST) and 1.17 ppt (WASP) in the FT (0.45–13 km, Table 1). The GhOST
mixing ratios in the MABL are considerably lower than those observed on R/V SONNE
(2.08 ppt) but higher than the mixing ratios observed by Yokouchi et al. (1997) in Jan-
uary to March 1994, by Quack and Suess (1999) in September 1994 and Nadzir25

et al. (2014) in June/July 2009 at coastal areas. Open ocean observations of Nadzir
et al. (2014) with 1.5 ppt are comparable to GhOST, but lower than WASP observa-
tions. A very good agreement of the measurements is given for the longer lived di-
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bromomethane with 1.17 ppt (R/V SONNE), 1.19 ppt (GhOST) and 1.15 ppt (WASP).
Methyl iodide mixing ratios measured by GhOST are 0.59±0.30 ppt within the MABL
of 450 m height, which is about 0.2 ppt higher than the values from R/V SONNE, but
coincide with the observations by Yokouchi et al. (1997). Above the MABL, the average
mixing ratio of methyl iodide decreases to 0.26±0.11 ppt (Fig. 7).5

Bromoform and dibromomethane concentrations of all instruments in the MABL cor-
relate with R = 0.83 (Fig. 8). Bromoform and methyl iodide concentrations correlate
with R = 0.55 and dibromomethane and methyl iodide with R = 0.66; all three corre-
lations are significant at 99 %. Even higher correlations are found if only measure-
ments on R/V SONNE are taken into account with R = 0.92 for bromoform and di-10

bromomethane, R = 0.64 for bromoform and methyl iodide, and R = 0.77 for dibro-
momethane and methyl iodide.

Two case studies for the comparison of R/A FALCON and R/V SONNE data are ob-
tained from their meetings on 19 and 21 November 2011 (Table 2), when aircraft and
ship passed each other within 100 m distance for several times, measuring the same15

air masses. During both meetings, deviations between the GhOST and WASP instru-
ment on the aircraft are larger for the bromocarbons than the deviation between the
WASP and the ship measurements. WASP and the ship data, which agree very well,
rely on sampling of air in stainless steel canisters and subsequent analysis with GC/MS
while GhOST measures in situ. Whether this offset is systematic for the different meth-20

ods, needs to be investigated further. The methyl iodide values of the GhOST and air
canister data from the ship show larger differences during the second meeting. In the
following, a mean of the GhOST and WASP measurements of R/A FALCON is used for
computations in the free troposphere.
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5 Air mass and VSLS transport from the surface to the free troposphere

5.1 Timescales and intensity of vertical transport

Forward trajectories have been computed with FLEXPART starting at sea level along
the cruise track between Singapore to Manila. ERA-Interim is used for the meteorolog-
ical input (Sect. 2.2.1). The FLEXPART runs yield an average MABL residence time5

of 7.8±3.5 h before the trajectories enter the FT (Fig. 9), reflecting a relatively fast
exchange due to the convective well ventilated MABL (Fig. 5). To estimate the loss
of air masses out of the South China Sea area between 5◦ S–20◦ N and 100–125◦ E
(Sect. 2.4.3) we determine the loss of trajectories out of this area after their release
(Fig. 10). After 4 days 88 % of all trajectories released along the cruise track are still10

within this defined area of the South China Sea, which decreases to 31 % after 10 days.
During these ten days 65.1±22.2 % of the trajectories have passed 6 km height and
20.4±9.7 % have passed 13 km height within the area, while 18.5 % of the trajectories
re-enter the MABL from the FT. Most intense convection within FLEXPART calculations
along the cruise track occurred on 17 and 18 November 2011 in the southern South15

China Sea (Fig. 9), 22–24 November at the north western coast of Borneo and on 25–
26 November in the Sulu Sea. 30–50 % of the trajectories released from the surface at
these times ascend to 13 km height within 3–4 days. Discrepancies to CAPE observa-
tions on R/V SONNE (Fig. 3) are due to the fact that the calculated CAPE describes the
stability of the air column that is observed by the radiosondes ascending with weather20

balloons, while the trajectories simulate the actual movement of the air masses, thus
include the convection in other regions after some hours of transport time. Indeed dur-
ing convective events at the northern coast of Borneo, the majority of trajectories were
transported south towards the coast of Borneo where active convection took part. Tra-
jectories launched between 18–22 November during 00:00 and 12:00 UTC each day25

reveal a longer residence time of up to 5 days in the lower troposphere (Fig. 9). At about
2 km altitude a barrier seems to suppress convection during this time. This agrees with
our CAPE observations, showing suppressed convection at about 1.5 km altitude north
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of Borneo (Fig. 3), as lowest observed CAPE is predominantly found between 00:00
and 12:00 UTC during these days.

R/V SONNE – R/A FALCON: identifying observations of the same air mass

To investigate if the same air masses were observed on R/V SONNE and on R/A FAL-
CON a perfluorocarbon tracer was released on R/V SONNE on 21 November 2011,5

which was indeed detected 25 h later on R/A FALCON (Ren et al., 2015). With the tra-
jectory calculations it can be determined which fraction of the air masses investigated
on R/V SONNE could subsequently be investigated on R/A FALCON. Within a horizon-
tal distance of ±20 km and a maximum vertical distance of ±1 km around the position
of the aircraft, as well as a time frame of ±3 h of the VSLS air measurements on R/A10

FALCON, 15 % of all launched 80×10 000 surface trajectories, marking the air masses
on R/V SONNE, passed the R/A FALCON flight track during the cruise. Allowing a time
frame up to 10 days, the amount of trajectories passing the flight track of R/A FALCON
increases to 77±29 % between 16 November and 11 December 2011. In the following
we combine the R/V SONNE and R/A FALCON measurements to derive the contribu-15

tion of oceanic VSLS to MABL and FT concentrations based on the observations.

5.2 Contribution of oceanic emissions to VSLS in the MABL

Computed from observations on R/V SONNE, the mean sea–air flux during the cruise
is 1486±1718 pmolm−2 h−1 for bromoform, 405±349 pmolm−2 h−1 for dibromomethane
and 433±482 pmolm−2 h−1 for methyl iodide (Sect. 4.2). The contribution of the flux20

to the observed atmospheric VSLS concentration in the MABL (Oceanic Delivery,
OD), whose height is determined from the radiosondes, is scaled to 1 day (Table 3,
Fig. 11). The OD is 116.4±163.6 %day−1 to the MABL concentrations for bromo-
form, 54.2±66.7 %day−1 for dibromomethane and 166.5±185.8 %day−1 for methyl
iodide. In other words, the oceanic source for bromoform is strong enough to fill up25

the MABL above the measurement location on average about once per day, while for
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dibromomethane the emissions are weaker and nearly 2 days would be required until
the observed mixing ratios in the MABL are reached. Based on the FLEXPART trajec-
tories, the mean loss of MABL air to the FT during one day (COnvective Loss, COL) is
computed to be −307.6±124.3 %day−1. According to the MABL lifetimes of the VSLS
the loss due to photolysis and OH, both defined as Chemical Loss (CL) in the MABL5

is −6.6 %day−1 for bromoform, −1.8 %day−1 for dibromomethane and −30.7 %day−1

for methyl iodide. In order to balance the delivery from the ocean and the loss to the
FT and by chemical degradation, an Advective Delivery (AD) of VSLS in and out of the
MABL is needed. The AD for bromoform is 197.9±199.7 %day−1, for dibromomethane
255.2±131.9 %day−1 and for methyl iodide 171.8±242.3 %day−1. The numbers indi-10

cate that, approximately twice as much VSLS would be advected to reach the MABL
mixing ratio, if no OD or COL occurred. OD and AD are transported via COL into the
FT. Based on the OD and the COL, the Oceanic Delivery Ratio (ODR) is calculated
in order to characterize the relative contribution of the local oceanic emissions com-
pared to the loss of MABL air into the FT (Table 3). The average ODR during the15

cruise is 0.45±0.55 for bromoform, which means that the loss from the MABL to the
FT is balanced to 45 % by oceanic emissions along the cruise track. The ODR for
dibromomethane is 0.21±0.21 and for methyl iodide 0.74±1.05, respectively, suggest-
ing that the major amount of methyl iodide origins from nearby sources. Similarly to
the ODR the CL is related to the COL to derive the Chemical Loss Ratio (CLR) for20

the VSLS, which is 0.03±0.01 for bromoform, 0.01±0.00 for dibromomethane and
0.12±0.05 for methyl iodide. When compared to the other source and loss processes,
the chemical loss appears negligible for all three gases. The ratio of the advective de-
livery (ADR) relating the AD to the COL is 0.58±0.55 for bromoform, 0.80±0.21 for
dibromomethane and 0.38±1.01, implying that most of the observed dibromomethane25

(80 %) in the MABL is advected from stronger source regions. Applying the ratios
to the observed mixing ratios in the MABL gives an estimate of the amount of the
VSLS that origin from local oceanic emissions (VMRODR) that are degraded chemically
(VMRCLR) and that are advected (VMRADR, Table 4). The local ocean emits a concen-
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tration that equates to 0.89±1.12 ppt bromoform, 0.25±0.26 ppt dibromomethane and
0.28±0.40 ppt methyl iodide in the MABL. The amount that is destroyed by chemistry
in the MABL before the air is transported into the FT accounts to 0.05±0.04 ppt (bro-
moform), 0.01±0.01 ppt (dibromomethane) and 0.05±0.03 ppt (methyl iodide). Finally
1.18±1.20 ppt of the observed mixing ratios of bromoform, 0.92±0.27 ppt of dibro-5

momethane and 0.14±0.37 ppt of methyl iodide are advected. The average transport
from the MABL to the FT (FluxMABL-FT), computed from the MABL concentrations and
the trajectory residence time in the MABL, is 4240±1889 pmolm−2 h−1 for bromoform,
2419±929 pmolm−2 h−1 for dibromomethane and 865±373 pmolm−2 h−1 for methyl
iodide. Calculations with the ERA-Interim MABL height, which is on average 140 m10

higher than the radiosonde derived one, leads to very similar estimates (Appendix 1).
Since the wind is a driving factor for oceanic emissions and advection of VSLS,

changes in wind speed are assumed to affect atmospheric VSLS mixing ratios in the
MABL during this cruise. Significant correlations are found between wind speed and
the observed mixing ratios of all three VSLS in the MABL with correlation coefficients15

of R = 0.55 (bromoform), R = 0.57 (dibromomethane) and R = 0.56 (methyl iodide),
respectively. The according amount of mixing ratios that origin from the oceanic emis-
sions (VMRODR) correlate significantly to the wind speed with R = 0.52, R = 0.72 and
R = 0.62, respectively. On the opposite, VMRADR, which is calculated as the residual
from VMRODR, is negative correlated to the wind speed with R = −0.21, R = −0.32 and20

R = −0.53. The correlations reveal that the contribution of oceanic emissions to MABL
VSLS increase for higher wind speeds, while the advective contribution decreases.

5.3 Oceanic contribution to the FT

5.3.1 Identification of MABL air and their contained VSLS in the FT

With a simplified approach (method description in Sect. 2.4.3) we are able to estimate25

the contribution of MABL air and regional marine sources observed on R/V SONNE to
the FT. Individual MABL air masses during the cruise contribute on average over 20 %
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to the lowest FT air right after they leave 0.5 km altitude (Fig. 12). Within 2–6 days after
crossing that level an observed MABL air mass contributes up to 15 % depending on
the height. A decrease of the contribution with height down to 3 % occurs until 8 km
altitude. Above this height, the contribution of the MABL air masses increases again
to over 5 % as a result of the density driven extension of the air parcels. The temporal5

decrease due to the transport of trajectories out of the predefined South China and
Sulu Seas area (Fig. 10) is visible after three days.

The average contribution of VSLS from the MABL air to the FT mixing ratio (cMABL)
between 2 and 11 km altitude within 10 days after release is with 1–28 % highest for
bromoform followed by 1–12 % for dibromomethane and only 0–5 % for the short-lived10

methyl iodide (coloured contours in Fig. 12). For all compounds, the largest contribu-
tions of > 25 % are found between 0.5 and 2 km height within the first 2 days after
release due to occasional fresh entrainment of MABL air. Above 8 km altitude, the av-
erage contribution of the individual MABL VSLS releases increase again to > 11 %
(bromoform), > 5 % (dibromomethane) and > 3 % (methyl iodide), due to the density15

driven extension of the MABL air parcels with height. The chemical degradation of
methyl iodide, according to its short tropospheric lifetime of 4 days is visible already 2
days after release, when its contribution decreases to < 7 % within 0.5–2.5 km altitude
and to < 2.5 % above 2.5 km altitude. To identify the contribution of the oceanic emis-
sions to the FT VSLS during the cruise, the VMRODR of each compound is used as the20

initial mixing ratio in the MABL air mass. The mean contribution of marine compounds
from the South China Sea to the FT air varies with time and altitude, but is generally
higher for bromoform with 1–13 % than for methyl iodide with 0–4 %. This is not surpris-
ing, considering the longer lifetime of bromoform compared to methyl iodide, although
the relative contribution of oceanic emissions to MABL air (Sect. 5.2) was identified to25

be higher for methyl iodide (74 %) than for bromoform (45 %). The low mean regional
marine contribution of dibromomethane to the observed MABL mixing ratio of 21 % is
also reflected in its mean oceanic contribution of only 0–3 % to the FT air masses.
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5.3.2 Accumulated VSLS in the free troposphere

By simulating a steady transport of MABL air masses into the FT, mean accumulated
VSLS mixing ratios in the FT along and during the cruise were computed (Fig. 13) as
described in 2.4.3. The simulated FT mixing ratios of bromoform and dibromomethane
from the observed MABL (VMRMABL) decrease on average from 1.8 and 1.1 ppt at5

0.5 km height to 0.7 ppt respectively 0.6 ppt at 7 km height and increase again above
8 km up to 0.9 ppt (bromoform) and 0.8 ppt (dibromomethane). Simulated methyl iodide
shows a decrease from 0.21 ppt at 0.5 km to 0.06 ppt at 3 km. Above this altitude, the
simulated mixing ratios of methyl iodide are quite constant 0.06 ppt.

To estimate the accumulated FT mixing ratios solely from oceanic emissions, the10

VMRODR is used as the initial MABL mixing ratio (Fig. 13). The simulated FT mixing
ratios using either VMRMABL or VMRODR as input reveal a similar vertical pattern, since
both simulations are based on the same meteorology and trajectories. While FT mix-
ing ratios based on VMRMABL and VMRODR are similar for methyl iodide (due to the
large oceanic contribution to the MABL mixing ratios), FT mixing ratios from VMRODR15

are on average ∼ 0.5 ppt lower for bromoform and ∼ 0.6 ppt dibromomethane than from
VMRMABL. Comparing the simulated VMRMABL FT mixing ratios with the observed FT
mixing ratios from R/A FALCON reveals stronger vertical variations for the simulations
in contrast to the observations. Bromoform is overestimated in the VMRMABL simula-
tion between 0.5 and 7 km altitude, as well as between 9 and 12 km. Simulated dibro-20

momethane in the FT based on VMRMABL underestimates the observed mixing ratios
between 3 and 12 km height. In particular, the maximum between 6 and 9 km height is
not reflected in the simulations. However, observations of both bromocarbons are within
1σ of the FT simulations with MABL air. The methyl iodide simulations show a distinct
underestimation of the observed FT mixing ratios. In Sect. 4.3 we have shown that25

methyl iodide measured in same air masses by R/V SONNE and R/A FALCON was
51 % higher for the aircraft (Table 2). Adjusting all R/A FALCON values by this identi-
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fied offset to R/V SONNE reveals a better agreement between observed and simulated
FT mixing ratios (Fig. 13).

5.3.3 Discussion

The simulations show how local oceanic emissions and advection of remote air can
explain the observed FT mixing ratios (Fig. 13). Local oceanic emissions of bromoform5

from the South China Sea contribute about 60 % to the FT mixing ratios. However,
simulations based on the MABL mixing ratios clearly overestimate the observations in
the FT. In order to explain the FT bromoform profiles from the aircraft observations,
we need to take into account advection from other FT regions within the South China
Sea. This FT advection leads to lower bromoform than the convection out of the MABL10

along the cruise track. The bromoform found in the MABL originates to 45 % from local
sources along the ship track. Accordingly, advection from strong source regions, possi-
bly along the coast, is necessary to explain the remaining 55 % of the bromoform abun-
dance. The fact that the MABL bromoform observed along the cruise track is too high
for the local emissions and also too high for the FT profiles above the South China Sea,15

suggests that the local MABL observations are impacted by additional stronger source
regions and may not be representative for the whole region. Observations of lower at-
mospheric bromoform mixing ratios by Yokouchi et al. (1997), Quack and Suess (1999)
and Nadzir et al. (2014) in the South China Sea (Sect. 4.1) confirm this assumption.

Dibromomethane in the FT derived from MABL abundances matches the aircraft20

observations quite well, indicating that dibromomethane observations in the MABL
along the cruise track are representative for the region. While in the FT, advec-
tion of air masses with different mixing ratios is not necessary to explain the ob-
served dibromomethane, the situation is reversed in the MABL. Significant advection of
dibromomethane-rich air is necessary to explain the observations in the MABL, since25

only low oceanic sources were observed during the cruise. The impact of advection on
the dibromomethane mixing ratio is enhanced by its relatively long tropospheric lifetime
of 120 days.
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In contrast to bromoform and dibromomethane, the simulated mixing ratios of methyl
iodide in the FT are strongly underestimated no matter whether observed MABL mixing
ratios or oceanic emissions are used. Due to its short tropospheric life time of 4 days
methyl iodide is rapidly degraded during the transport into the FT. The offset between
the simulated and observed FT methyl iodide could be caused by additional strong5

sources of methyl iodide in the South China Sea area. Furthermore, modelling or mea-
surement uncertainties may add to this offset, which we all discuss in the following:

The simulations use constant atmospheric lifetimes for each compound and neglect
variations with altitude which could impact the simulated abundances. However, the
altitude variations of methyl iodide in the MABL and FT are around 0.5 days (WMO,10

2015) and thus are quite small. Therefore it seems unlikely that the lifetime estimate
causes a large underestimation of the FT methyl iodide. Deficiencies in the meteorolog-
ical input fields and the FLEXPART model, in particular in the boundary layer and in the
convection parameterizations would affect all compounds and their contribution to the
FT concentrations in a similar way and thus seems to be unlikely as well. Ship and air-15

craft measurements reveal instrumental offsets, while observing the same air masses,
which cannot be resolved due to the different applied calibration scales (Sect. 4.3).
When we adjust for a constant factor, by which observations of methyl iodide in the
MABL differed between R/V SONNE and R/A FALCON, the simulated and observed
FT mixing ratios match better. Thus, an instrumental offset causing, at least partially,20

the calculated discrepancy for methyl iodide appears likely (Sect. 2.3.1).
Another explanation for the elevated methyl iodide in the FT is advection of fresh

air with elevated methyl iodide mixing ratio in the FT from e.g. South East Asia or the
Philippines. These areas are known to comprise strong sources for atmospheric methyl
iodide from e.g. rice plantation (Redeker et al., 2003; Lee-Taylor and Redeker, 2005).25

In combination with convective activity over land, which is common in this area (Hen-
don and Woodberry, 1993), the high observed FT mixing ratios of methyl iodide could
be explained, despite the low oceanic contribution during the cruise. The low observed
MABL mixing ratios of methyl iodide on R/V SONNE may thus also not be represen-
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tative for the area. Yokouchi et al. (1997) observed higher atmospheric methyl iodide
mixing ratios in the South China Sea. Finally, the method of our simplified approach in-
cludes uncertainties as well. Since observational studies quantifying the oceanic con-
tribution to atmospheric abundances of VSLS are quite rare, it is difficult to evaluate
our findings at the moment and more studies for different oceanic regimes should be5

carried out to validate our results.

6 Summary

The contribution of oceanic VSLS emissions to marine atmospheric boundary layer
(MABL) and free troposphere (FT) air during the SHIVA campaign in November 2011
in the South China and Sulu Seas was investigated in this study. Meteorological pa-10

rameters were measured near the ocean surface and in the troposphere by regular
radiosonde launches on R/V SONNE during the cruise. Oceanic VSLS emissions were
determined from atmospheric and sea surface water concentration observations. The
transport from the surface through the MABL into the FT was computed with the tra-
jectory model FLEXPART.15

The ship cruise was dominated by north-easterly winds with a characteristic moder-
ate mean wind speed of 5.5 ms−1. The radiosonde launches revealed the high convec-
tive potential of the South China and Sulu Seas with an average convective available
potential energy (CAPE) of 998±629 Jkg−1 and a convective, well ventilated, weakly
developed MABL with an average height of 420±120 m during the cruise. 800 000 for-20

ward trajectories, launched from the ocean surface along the cruise track, show a rapid
exchange of MABL air with the FT within 7.8 h. This study concentrates on the three
very short lived substances bromoform, dibromomethane and methyl iodide which are
known to impact tropospheric and stratospheric ozone. On the one hand, the observa-
tions on R/V SONNE reveal high mean ocean surface concentrations and emissions for25

bromoform (19.94 pmolL−1 and 1486 pmolm−2 h−1), dibromomethane (4.99 pmolL−1

and 405 pmolm−2 h−1) and methyl iodide (3.82 pmolL−1 and 433 pmolm−2 h−1) in com-
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parison to other oceanic source regions. Atmospheric mixing ratios in the MABL, on
the other hand, are relatively low compared to earlier campaigns with mean values of
2.08 ppt bromoform, 1.17 ppt dibromomethane, and 0.39 ppt methyl iodide. The con-
tribution of the oceanic VSLS emissions to their MABL concentrations was evaluated
by simple source-loss estimations, resulting in an Oceanic Delivery Ratio (ODR). The5

ODR for bromoform is computed to be 0.45, revealing that bromoform mixing ratios in
the MABL above the marginal seas originated on average to 45 % from local oceanic
sources. The ODR for dibromomethane is 21 % and for methyl iodide 74 % indicating
that the long-lived dibromomethane is largely advected in the MABL, while the short-
lived methyl iodide originates mainly from the local ocean.10

We extend our analysis to the FT using VSLS profiles obtained from observations
on the research aircraft (R/A) FALCON above the South China Sea. The average con-
tribution of a single MABL air release to the FT mixing ratios (Sect. 5.3.1) is up to 28 %
(bromoform), 12 % (dibromomethane) and 5 % (methyl iodide). The mean contributions
of the local oceanic VSLS to the FT within this MABL air release are up to 13 % (bro-15

moform), 3 % (dibromomethane) and 4 % (methyl iodide). In order to estimate if the
accumulated contribution from the single MABL air releases is sufficient to explain the
accumulated VSLS mixing ratios observed in the FT, we simulate a steady transport
of observed MABL air masses, respectively, oceanic emissions into the FT above the
South China Sea. The simulations for bromoform based on the volume mixing ratios20

in the MABL (VMRMABL) overestimated the observations in the FT, while the simula-
tions based on the local oceanic emissions of bromoform from the South China Sea
(VMRODR) explained about 60 % of the observed FT mixing ratio. In the MABL the local
oceanic emissions along the cruise track can also explain half of the bromoform which
is also too high for the FT observations. Thus, we conclude that the observed mixing25

ratios of bromoform in the MABL are influenced by stronger local sources and may
not be representative for the whole South China Sea where we expect generally lower
values.
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Dibromomethane in the FT, simulated from observed MABL mixing ratios, shows
a good agreement between observations and simulations. It is most likely mixed in the
FT with advected air masses containing similar dibromomethane mixing ratios. Methyl
iodide in the FT is strongly underestimated in the simulations, using both the observed
MABL mixing ratios and the oceanic emissions. The disagreement points either to an5

unresolved offset between the ship and aircraft data, or to an underestimation of rep-
resentative methyl iodide MABL mixing ratios and to additional methyl iodide sources,
e.g. rice plantations in South East Asia that were not covered by the ship cruise.

Our investigations show how oceanic emissions of VSLS in a strong oceanic source
region contribute to the observed atmospheric mixing ratios in the MABL. Further-10

more, the contributions of these atmospheric mixing ratios and the local oceanic VSLS
therein to the VSLS, observed in the FT above this source region, are derived. The re-
sults reveal strong links between oceanic emissions, atmospheric mixing ratios, MABL
conditions and prevailing convective activity in the troposphere. The methods should
be applied to other oceanic regions to derive a better process understanding of the15

contributions of air–sea gas exchange on atmospheric abundances. For the detection
of future climate change effects on ocean surface trace gas emissions and their influ-
ence on atmospheric chemistry and composition it is important to study the complex
interplay between oceanic sources and emissions, meteorology, atmospheric mixing
ratios, and transport to the upper atmosphere.20
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Table 1. Mean± standard deviation and range ([ ]) of atmospheric mixing ratios observed on
R/V SONNE and R/A FALCON (GhOST-MS and WASP GC/MS) in the MABL and the FT, water
concentrations observed by R/V SONNE and computed the sea–air flux. MABL and FT mixing
ratios for bromoform and dibromomethane on R/A FALCON are adopted from Sala et al. (2014).
The R/A FALCON MABL height was set to 450 m. The last line gives the sea–air flux computed
from R/V SONNE mixing ratios for all three compounds.

Bromoform Dibromomethane Methyl iodide

Atmosph.
mixing
ratios
[ppt]

R/V SONNE 2.08±1.36 1.17±0.19 0.39±0.09
[0.79–5.07] [0.71–1.98] [0.19–0.78]

R/A FALCON GhOST MABL 1.43±0.53 1.19±0.21 0. 59±0.30
[0.42–3.42] [0.58–1.89] [0.29–3.23]

FT 0.56±0.17 0.87±0.12 0.26±0.11
[0.16–2.15] [0.56–1.54] [0.08–0.80]

WASP MABL 1.90±0.55 1.15±0.14 /
[0.99–3.78] [0.85–1.59]

FT 1.17±0.50 0.88±0.14 /
[0.43–3.22] [0.46–1.36]

Water concentrations 19.94±17.90 4.99±2.59 3.82±2.43
[pmolL−1] [2.80–136.91] [2.43–21.82] [0.55–18.84]

Sea–air flux 1486±1718 405±349 433±482
[pmolm−2 h−1] [−8–13 149] [16–2210] [13–2980]
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Table 2. Mean atmospheric mixing ratios of bromoform, dibromomethane and methyl iodide
observed on R/V SONNE and R/A FALCON during two case studies on 19 November 2011 at
3.2◦ N and 112.5◦ E and on 21 November 2011 at 4.6◦ N and 113.0◦ E.

Bromoform Dibromomethane Methyl iodide
[ppt] [ppt] [ppt]

19 Nov 2011 R/V SONNE 1.37 0.99 0.29

R/A FALCON: 1.02/1.37 0.94/1.03 0.45/–
GhOST/WASP

21 Nov 2011 R/V SONNE 2.05 1.08 0.28

R/A FALCON: 1.63/2.00 1.31/1.08 0.82/–
GhOST/WASP
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Table 3. Mean± standard deviation of Oceanic Delivery (OD), COnvective Loss (COL), Chem-
ical Loss (CL), Advective Delivery (AD), Oceanic Delivery Ratio (ODR), Chemical Loss Ratio
(CLR), Advective Delivery Ratio (ADR) for bromoform (CHBr3), dibromomethane (CH2Br2) and
methyl iodide (CH3I).

OD COL CL AD ODR CLR ADR
[%day−1] [%day−1] [%day−1] [%day−1]

CHBr3 116.4 −307.6 −6.6 197.9 0.45 −0.03 0.58
± ± ± ± ± ±

163.6 124.3 199.7 0.55 0.01 0.55

CH2Br2 54.2 −307.6 −1.8 255.2 0.21 −0.01 0.80
± ± ± ± ± ±

66.7 124.3 131.9 0.21 0.00 0.21

CH3I 166.5 −307.6 −30.7 171.8 0.74 −0.12 0.38
± ± ± ± ± ±

185.8 124.3 242.3 1.05 0.05 1.01
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Table 4. Mean± standard deviation of observed Volume Mixing Ratios in the MABL on R/V
SONNE (VMRMABL) vs. the amount of VMR originating from oceanic emissions (VMRODR),
chemically degraded according to the specific lifetime (VMRCLR), originating from advection
(VMRADR) and the Flux from the MABL into the FT (FluxMABL-FT) for bromoform (CHBr3), dibro-
momethane (CH2Br2) and methyl iodide (CH3I).

VMRMABL VMRODR VMRCLR VMRADR FluxMABL-FT

[ppt] [ppt] [ppt] [ppt] [pmolm−2 h1]

CHBr3 2.08 0.89 −0.05 1.18 4240
± ± ± ± ±

1.36 1.12 0.04 1.20 1889

CH2Br2 1.17 0.25 −0.01 0.92 2419
± ± ± ± ±

0.19 0.26 0.01 0.27 929

CH3I 0.39 0.28 −0.05 0.14 865
± ± ± ± ±

0.09 0.40 0.03 0.37 373
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Table 5. Correlation coefficients between wind speed and VSLS MABL mixing ratios
(VMRMABL), the Oceanic Delivery (OD), the COnvective Loss to the FT (COL), the Advective
Delivery (AD), computed as the residual of OD, and the mixing ratios originating from the OD
(VMRODR) and from the AD (VMRADR). Bold numbers are significant at the 95 % (p value).

Wind speed Bromoform Dibromomethane Methyl iodide

VMRMABL 0.55 0.57 0.56
OD 0.31 0.48 0.52
COL −0.33
AD −0.04 0.06 −0.28
VMRODR 0.52 0.72 0.62
VMRADR −0.21 −0.32 −0.53
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Table A1. As Table 3 and Table 4 using ERA-Interim MABL height.

OD COL CL AD ODR CLR ADR VMRODR VMRCLR VMRADR MABL-FT Flux
[%day−1] [%day−1] [%day−1] [%day−1] [ppt] [ppt] [ppt] [pmolm−2 h1]

CHBr3 87.0 −224.9 −6.6 144.5 0.43 −0.03 0.60 0.88 −0.07 1.24 4251
± ± ± ± ± ± ± ± ± ±

124.5 70.7 143.1 0.56 0.01 0.55 1.18 0.04 1.20 1907

CH2Br2 39.3 −224.9 −1.8 187.4 0.20 −0.01 0.81 0.24 −0.01 0.93 2456
± ± ± ± ± ± ± ± ± ±

40.3 70.7 83.2 0.21 0.00 0.21 0.26 0.00 0.27 921

CH3I 135.2 −224.9 −30.7 120.4 0.73 −0.15 0.42 0.28 −0.06 0.15 799
± ± ± ± ± ± ± ± ± ±

195.0 70.7 220.8 1.06 0.05 1.03 0.39 0.03 0.37 356
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Figure 1. (a) ERA-Interim mean wind field 15–30 November 2011 (arrows) and 10 min running
mean of wind speed observed on R/V SONNE as the cruise track. The black squares show the
ships position at 00:00 UTC each day. (b) Time series of wind speed (blue) and wind direction
(ocher) measured on R/V SONNE. The data are averaged by a 10 min running mean. The two
shaded areas (light grey) in the background show the 24 h stations.
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Figure 2. Time series of SAT (10 min running mean, orange) and SST (10 min running mean,
blue) on the left and the difference of SAT and SST (10 min running mean, right scale). For the
temperature difference, the 0 K line is given by dashed line. The two shaded areas (light grey)
in the background show the 24 h stations.
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Figure 3. Left scale: convective available potential energy (CAPE) from radiosondes on R/V
SONNE (grey) and ERA-Interim (orange). Right scale: Rain rate (colored dots) during the
cruise, observed by an optical disdrometer (ODM 470) on R/V SONNE. The two shaded ar-
eas (light grey) in the background show the 24 h stations.
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Figure 4. Relative humidity by radiosondes up to 17 km height, the mean cold point tropopause
level. The dashed lines and the two numbers above the figure indicate the two 24 h stations.
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Figure 5. Virtual potential temperature gradient as indicator for atmospheric stability (red for
stable, white for neutral and blue for unstable) with MABL height from radiosondes (black curve)
and from ERA-Interim (blue curve). The y axis is non-linear. The lower 1 km is enlarged to
display the stability around the MABL height. The dashed lines and the two numbers above the
figure indicate the two 24 h stations.
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Figure 6. (a) Atmospheric mixing ratios of bromoform (CHBr3, blue), dibromomethane (CH2Br2,
dark grey) and methyl iodide (CH3I, red) measured on R/V SONNE. (b) Concentration ratio
of dibromomethane and bromoform on R/V SONNE. (c) Water concentrations of methyl io-
dide, bromoform and dibromomethane measured on R/V SONNE. (d) Emissions of methyl
iodide, bromoform and dibromomethane from atmospheric and water samples measured on
R/V SONNE. The two shaded areas (light grey) in the background show the 24 h stations.

17936



D
iscussion

P
aper

|
D

iscussion
P

a
per

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|

CHBr
3
 [ppt]

A
lti

tu
de

 [k
m

]

0 2 4
0

0.5

1

2

4

6

8

10

12

14

CH
2
Br

2
 [ppt]

0 1 2
0

0.5

1

2

4

6

8

10

12

14

CH
3
I [ppt]

0 2
0

0.5

1

2

4

6

8

10

12

14

Figure 7. Vertical distribution bromoform (CHBr3, blue), dibromomethane (CH2Br2, grey) and
methyl iodide (CH3I, red) mixing ratios measured by GhOST (diamonds) and WASP (circles)
on R/A FALCON. Methyl iodide was only measured by GhOST. The lower 2 km are non-linear
displayed.
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for all heights (ALL) and only within the MABL (MABL) and from R/V SONNE.
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Figure 9. Forward trajectory runs along the cruise track with FLEXPART using ERA-Interim
data. The black contour lines show the mean amount of trajectories (in %) reaching this height
within the specific time (colour shading). The white line indicates the radiosonde MABL height.
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Figure 10. Horizontal distribution, altitude and amount of trajectories with time during the
cruise. The red box represents the South China and Sulu Seas area. The lower right plot
shows the amount of trajectories that remain in the box with time from all trajectory releases.
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Figure 12. Mean MABL air contribution (upper plots) and oceanic contribution (lower plots)
to observed FT mixing ratios observed by R/A FALCON for three VSLS. The black contour
lines show the mean portion of MABL air masses in the FT [%], the colours show the oceanic
contribution to the observed compounds in the FT, at specific height and day after release [%]
including chemical degradation, the loss out of the South China Sea area with time and the
vertical density driven extension of MABL air masses. The scale of the coloured contour is
logarithmic.

17942



D
iscussion

P
aper

|
D

iscussion
P

a
per

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|

H
ei

gh
t [

km
]

[ppt]

Bromoform

0 1 2
0.5

2

4

6

8

10

12

[ppt]

Dibromomethane

0 0.5 1 1.5
0.5

2

4

6

8

10

12

[ppt]

Methyl iodide

0 0.2 0.4 0.6
0.5

2

4

6

8

10

12

Obsv.

Obsv.*

Ocean

MABL
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Halocarbons (methyl iodide, bromoform and dibromomethane) are produced naturally and the source has been
found to be largely from the ocean. In recent years, the role of very short-lived halocarbons in the atmospheric
chemistry has attracted many researchers in this field. Dissolved halocarbons in sea water and atmospheric
halocarbons were taken at 73 different positions across South China Sea and Sulu Sea during the SHIVA
measurement campaign on RV SONNE cruise from Singapore to Manila on the 15 to 29 November 2011. Both
water and canister samples of air were analyzed on two different purge-and-trap (PT) gas chromatographic
systems. Significant levels of halocarbons were observed during day-time and night-time in the tropical marine
boundary layer. All of the halocarbons show higher concentrations at the coastal area compare to the location
in the open sea.

Keywords: Halocarbons, SHIVA Campaign, Sea-to-Air Flux, Tropical, Marine Boundary Layer.

1. INTRODUCTION
Over the past 30 years, research interest on the reactive halo-
gen species effects on the ozone depletion has significantly
increased.1�2 In recent years, the role of very short-lived halo-
carbons (VSLS) in the atmospheric chemistry has become the
focus of investigation.2�3 VSLSs are substances that have atmo-
spheric lifetimes comparable to or less than average tropospheric
transport time scales of about 6 months. Studies1�2 have shown
that these reactive halocarbons originate in the marine bound-
ary layer4�5 and are transported to the upper troposphere and
lower stratosphere. Stratospheric halogen loading is maintained
by transport of source gases followed by their degradation in the
stratosphere and transport of intermediate products and inorganic

halogens produced in the troposphere.2 Tropospheric inorganic
halogens can be derived from the degradation of VSLSs or from
inorganic halogen sources.6 At the same time, bromine and iodine
atoms released from these compounds by photolysis and oxida-
tion can take part in catalytic ozone destroying cycles in both the
troposphere and stratosphere1�2�7 while iodine also participates in
aerosol formation.6

∗Author to whom correspondence should be addressed.

Spatial and temporal variability in VSLS halocarbons produc-
tion and sea-to-air flux of the short-lived halogenated trace gases
create strong varying marine and atmospheric distributions and
thus also varying stratospheric contributions.7 However, the cur-
rent understanding on impact of these natural ozone depleting
substances is still highly uncertain and such that potential future
changes in the mechanisms that regulate their emissions to the
atmosphere, their transport, and their chemical processing are still
largely unknown.1�8 Therefore, the oceanic emissions have the
potential to cause surprises in the future evolution of the ozone
layer in a changing climate, unless they are better understood.9�10

The measurements were thus needed to improve the understand-
ing of future stratospheric halogen loading and therewith ozone
depletion.1 The results of the observation of these VSLS halo-
carbons will surely enhance the understanding of the spatial and
temporal variation of the VSLS in the tropical marine boundary
layer.

SHIVA (Stratospheric ozone: Halogen Impacts in a Varying
Atmosphere) measurement campaign combines ship-borne (RV
SONNE), aircraft-based and local boat measurements in and
over the South China Sea and the Sulu Sea and around the
coast of Malaysian Borneo from 15 to 29 November 2011. The
campaign is within the frame work of the European project,
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Fig. 1. The RV Sonne ship track leading from Singapore to manila during the measurement campaign.

which was organized and conducted by the Leibniz-Institute of
Marine Sciences (IFM-GEOMAR) in collaboration with other
European universities and Malaysian universities (University
Malaysia Sabah, University Malaya and University Malaysia
Sarawak).

2. METHODOLOGY
The measurement of the dissolved halocarbons in seawater dur-
ing the SHIVA measurement campaign, seawater samples were
taken at 73 different positions along a cruise track (Fig. 1) using
a submerged water pump under the RV SONNE research vessel’s
keel. There were additional of 10 CTD stations with 24-bottle
CTD rosette (10-L-Niskin bottles). The seawater samples at each
station were collected in the entire water column with focus on
surface layer, chlorophyll maximum layer and lower layers. The
atmospheric halocarbons were also collected in a 2L stainless
steel canister, being pressurized to 2 bars for RSMAS with a
metal bellows pump by every 6 hours. During the cruise, the
RV SONNE vessel approached the coastline near Kuching, Kota
Kinabalu as well as Sandakan and performed the seawater and
air sampling with the aim of comparing the results with samples
taken in the offshore track.

During the cruise, both seawater and canister samples of
air were analyzed using two different purge-and-trap (PT) gas
chromatographic systems; one used an electron capture detector
(ECD) and one used a mass-spectrometric detector (GC44 MS),
where the halocarbons were quantified in single ion mode.

kw
kCO2

= Sc−�1/2�

660
(1)

Quantification of volatiles was performed by external liquid stan-
dards. Liquid standards were diluted in seawater and treated like
a normal sample.8�9 After analysis, halocarbon concentrations
were determined in water and air was used for sea-to-air fluxes
calculations.

The sea-to-air fluxes of the methyl iodide (CH3I), bromoform
(CHBr3� and dibromomethane (CH2Br2� were calculated using

the air-sea gas exchange parameterization.5 Schmidt number (Sc)
corrections for the compound specific transfer coefficients kw
were derived with the transfer coefficient kCO2

of CO8
2 (Eq. (1)).

The air-sea concentration gradient was derived from all simul-
taneous water (cw) and air (catm) measurements calculated with
the Henry’s law constants H of Moore and coworkers3 in order to
obtain the theoretical equilibrium concentration catm/H (Eq. (2)).
The saturation anomaly S has been calculated from the

concentration gradient as the percentage of the equilibrium
concentration (Eq. (3)).

F = kw ·
(
cw− catm

H

)
(2)

S =
((

cw−
catm
H

)
·100

)
·
(
catm
H

)
(3)

Water temperature and salinity were continuously recorded
using the vessel’s thermosalinograph. Air pressure and wind
speed were determined by sensors on the compass deck at a
height 25.5 m. The wind speed measurement was corrected to
10 m values. Ten minute averages of the water temperature,
salinity, air pressure and wind speed have been included in the
calculations.

3. RESULTS AND DISCUSSION
VSLS halocarbon measurements (seawater and atmospheric air
samples) during the campaign are shown in Table I.

Table I. Halocarbon measurements (water and air) and sea-to-air
fluxes during SHIVA measurement campaign

Air sample Water sample Sea-to-air Wind speed
VSLS (ppt) (pmol L−1) flux (pmol m−2h−1) (m/s)

CH3I 0.38 3.82 433.04 5.9 (0.3–13.5)
[Range] 0.19–0.55 0.55–18.84 13.08–1979
CHBr3 2.02 19.94 1486.13
[Range] 1.00–5.07 2.80–136.91 7.52–13149
CH2Br2 1.16 4.99 405.17
[Range] 0.90–0.55 0.55–18.84 13.08–2979
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Fig. 2. The regional distribution and variation of CH3I in the air sample (red), water sample (blue) and sea-to-air flux (green) during the measurement
campaign.

3.1. Methyl Iodide (CH3I)
As shown in Table I, the concentration of methyl iodide (CH3I)
in seawater samples is between 0.55 and 18.84 pmol L−1 with
an average of 3.82 pmol L−1. In comparison with those sam-
ples which were taken near the coastline in Kuching, in Kota
Kinabalu and Sandakan, the concentration of CH3I in coastal
areas was relatively higher than those in the open sea. The aver-
age concentration of CH3I in seawater samples near Kuching
was 5.19 pmol L−1 while in Kota Kinabalu and Sandakan were
4.27 pmol L−1 and 3.05 pmol L−1 respectively. Higher concen-
trations near the coastline may be attributed by the presence of
microalgae as positively indicated by higher productivity (i.e.,
high concentration of chlorophyll). Meanwhile, the air measure-
ments also showed the same trend, as the air samples near the
coastal areas were observed to be higher (0.2–0.5 ppt) than the
locations offshore.

During the measurement campaign, methyl iodide in the air
showed three peaks of concentration (Fig. 2) located offshore
of Kota Kinabalu (0.53 and 0.54 ppt) and offshore of Sandakan
in Sulu Sea (east coast of Sabah) (about 0.55 ppt). Similar
peak trends and locations were also observed in water samples.
This observation suggests that fluxes of CH3I from seawater
into the marine boundary layer are eminent. Analysis of the
sea-to-air fluxes of methyl iodide (CH3I) (Fig. 2) was also
found to be higher during those peaks with the highest flux
of 1979 pmol m−2 h−1. The wind speed also shows positive
effects on the sea-to-air exchange, where higher wind speeds
were observed during the peak fluxes. This is in comparison
with the other two VSLS halocarbons (CHBr3 and CH2Br2� as
described in the following showed low sea-to-air flux as well as
the dual variation. During the three coastal samplings, the max-
imum concentrations of CH3I in the surface water were found
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Fig. 3. The regional distribution and variation of the air (red), water sample (blue), sea-to-air flux (green) of CHBr3 during the measurement campaign.

in the morning hours and elevation in the afternoon. Hence, no
overall diurnal cycle could be detected.

3.2. Bromoform (CHBr3) and Dibromomethane
(CH2Br2)

The bromoform (CHBr3� distribution is highly variable along
the cruise track. Near the shore (Kuching, Kota Kinabalu and
Sandakan), seawater samples showed typically elevated con-
centrations of brominated compounds while samples off shore
generally contain lower halocarbons concentrations. The highest
concentration near the coastline for both halocarbon compounds
were 21.86 pmol L−1 (CHBr3� and 4.81 pmol L−1(CH2Br2�,
respectively (Figs. 3 and 4). The seawater measurement of
CHBr3 and CH2Br2 concentrations were relatively lower in
the offshore with average concentrations of 7.50 pmol L−1

(CHBr3� and 3.35 pmol L−1 (CH2Br2�, respectively. Both halo-
carbon compounds also have a peak during the beginning of
the cruise at Singapore coastal water with concentrations of
136.91 pmol L−1 (CHBr3� and 21.82 pmol L−1 (CH2Br2�.
The higher concentration near the shore may be related to

such high productivity as indicated by high concentration of
chlorophyll.
The atmospheric halocarbon showed the same trends as those

in seawater samples. The concentrations near the coastline were
relatively higher than those offshores. The highest concentra-
tions for CHBr3 near coastline were 2.82 ppt (Kuching), 5.07 ppt
(Kota Kinabalu) and 2.89 ppt (Sandakan) while for CH2Br2 value
of atmospheric CHBr3 were lower; 0.44 ppt and 0.05 ppt for
CH2Br2 at the open sea area. Similarly for CH2Br2, the high-
est reading appeared at the coastal regions near Kota Kina-
balu, 1.07 ppt (Kuching), 1.98 ppt (Kota Kinabalu) and 1.44 ppt
(Sandakan).
Investigation into sea-to-air flux showed that high fluxes were

observed near the coastline for both halocarbon compounds
notably near Kuching, Kota Kinabalu and Sandakan (Figs. 3
and 4). These may lead to a significant halogen contribution
in the upper troposphere and lower stratosphere. The sea-to-
air fluxes for CHBr3 and CH2Br2 are in the range of 7.52
to 13149 pmol m−2 h−1 and 16.0 to 2209.61 pmol m−2 h−1,
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Fig. 4. The regional distribution and variation of CH2Br2 in air samples (red), seawater samples (blue) and sea-to-air flux (green) during the measurement
campaign.

respectively. Higher fluxes into the atmosphere have also been
observed to be associated with high wind speed (Figs. 3 and 4).

4. CONCLUSIONS
The observations of VSLS halocarbons along the cruise track
in the tropical marine boundary layer in South China Sea and
Sulu Sea have shown high spatial variability, hinting at multiple
sources and sinks. All three VSLS halocarbons showed a higher
concentration near the coastal areas than the open sea. Bromo-
form (CHBr3) was found to be the most concentrated halocarbon
in seawater as well as in the tropical marine boundary layer.
The regional pattern between seawater and atmospheric concen-
tration for the three halocarbons showed a concentration gradient
between the South China Sea and Sulu Sea. Halocarbon concen-
trations in seawater were relative higher in South China Sea than

Sulu Sea while the concentrations of halocarbons in the air were
observed to higher in Sulu Sea than South China Sea. Sea-to-air
fluxes were also found to be much greater in South China Sea
than Sulu Sea, which may be attributed to local meteorological
conditions.

Acknowledgment: We gratefully acknowledge funding
from the European Union and collaboration works from vari-
ous European and Malaysian universities and institutions during
the SHIVA (Stratospheric ozone: Halogen Impacts in a Varying
Atmosphere) Measurement Campaign.
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Abstract

Halogenated very short lived substances (VSLS) are naturally produced in the ocean
and emitted to the atmosphere. Recently, oceanic upwelling regions in the tropical
East Atlantic were identified as strong sources of brominated halocarbons to the at-
mosphere. During a cruise of R/V METEOR in December 2012 the oceanic sources5

and emissions of various halogenated trace gases and their mixing ratios in the marine
atmospheric boundary layer (MABL) were investigated above the Peruvian Upwelling
for the first time. This study presents novel observations of the three VSLS bromoform,
dibromomethane and methyl iodide together with high resolution meteorological mea-
surements and Lagrangian transport modelling. Although relatively low oceanic emis-10

sions were observed, except for methyl iodide, surface atmospheric abundances were
elevated. Radiosonde launches during the cruise revealed a low, stable MABL and a
distinct trade inversion above acting both as strong barriers for convection and trace
gas transport in this region. Significant correlations between observed atmospheric
VSLS abundances, sea surface temperature, relative humidity and MABL height were15

found. We used a simple source-loss estimate to identify the contribution of oceanic
emissions to observed atmospheric concentrations which revealed that the observed
marine VSLS abundances were dominated by horizontal advection below the trade
inversion. The observed VSLS variations can be explained by the low emissions and
their accumulation under different MABL and trade inversion conditions. This study20

confirms the importance of oceanic upwelling and trade wind systems on creating ef-
fective transport barriers in the lower atmosphere controlling the distribution of VSLS
abundances above ocean upwelling regions.

1 Introduction

Short-lived halocarbons from the oceans contribute to reactive atmospheric halogens,25

which are involved in tropospheric and stratospheric ozone depletion, aerosol forma-

20598



D
iscussion

P
aper

|
D

iscussion
P

a
per

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|

tion, and more chemical cycles, influencing the fate of pollutants and climate (McGivern
et al., 2000; Saiz-Lopez and von Glasow, 2012; Simpson et al., 2015). Recent studies
have identified open ocean upwelling areas in the Atlantic as large source regions for
a number of brominated and iodinated oceanic trace gases (Quack et al., 2004, 2007;
O’Brien et al., 2009; Raimund et al., 2011; Hepach et al., 2015a). Their sources are5

related to biological and chemical processes in the productive waters of the upwelling.
The compounds are emitted from the ocean and are horizontally transported and verti-
cally mixed in the marine atmospheric boundary layer (MABL) (Carpenter et al., 2010).
In the Mauritanian upwelling, it was found that besides oceanic sources meteorological
conditions strongly influenced the atmospheric mixing ratio of the marine compounds10

bromoform (CHBr3), dibromomethane (CH2Br2) and also methyl iodide (CH3I) (Hep-
ach et al., 2014). Especially the combination of a pronounced low MABL above cold
upwelling waters with high concentrations and emissions of the compounds caused
elevated atmospheric mixing ratios. In return, these atmospheric mixing ratios also re-
duce the marine emissions through a decrease of the sea–air concentration gradient15

(Fuhlbrügge et al., 2013). Similar relationships would be expected for other oceanic
upwelling areas, where not only the oceanic emissions, but also meteorological condi-
tions in the lowermost atmosphere, i.e., the height, type and structure of the boundary
layer and trade inversion, determine the VSLS contribution to atmospheric chemical
processes. The intense oceanic upwelling in the Southeast Pacific off the coast of20

Peru transports large amounts of subsurface waters to the ocean surface and creates
one of the highest productive oceanic regions worldwide (Codispoti et al., 1982). The
Peruvian Upwelling is therefore a potentially intense source region for halogenated
VSLS, e.g. bromoform (CHBr3), dibromomethane (CH2Br2) and methyl iodide (CH3I)
(Yokouchi et al., 1999; Butler et al., 2007; Carpenter et al., 2009). Indeed, Schönhardt25

et al. (2008) detected elevated IO columns during September and November 2005
along the Peruvian coast with the SCIAMACHY satellite instrument and implied ele-
vated iodine source gases from the Peruvian Upwelling.
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Although, recent studies investigated halocarbons in the East Pacific (Yokouchi et al.,
2008; Mahajan et al., 2012; Saiz-Lopez et al., 2012; Martin et al., 2013; Liu et al., 2013)
few studies concentrated on the Peruvian Upwelling in the Southeast Pacific. Only
measurements of methyl iodide exist in this region, revealing atmospheric abundances
of 7 ppt (Rasmussen et al., 1982). Observations of bromocarbons above the Peruvian5

Upwelling are lacking.
In this study we present a high resolution dataset of meteorological parameters,

oceanic concentrations, emissions and atmospheric abundances of VSLS along the
Peruvian coast and in the Upwelling. Not much is known of the oceanic source strength
of the VSLS and the meteorological influence on the marine trace gas distribution and10

abundances in this region. The goal of this study is to assess the influence of oceanic
upwelling and meteorological conditions on the atmospheric VSLS abundances above
the Peruvian Upwelling, and the contribution of the local oceanic emissions, respec-
tively the MABL mixing ratios, to free tropospheric VSLS concentrations.

The paper is structured as following. Section 2 gives an overview of the data and15

methods we use in this study. Section 3 presents the results from our atmospheric and
oceanic observations and analyses the contribution from oceanic VSLS emissions to
the MABL, as well as meteorological constrains on the observations. Section 4 dis-
cusses the results, before the study is summarized in Sect. 5.

2 Data and methods20

The cruise M91 on R/V METEOR from 1 to 26 December 2012 started and ended in
Lima, Peru (Fig. 1a). The ship reached the most northern position during the cruise
on 3 December 2012 at 5◦ S. In the following three weeks the ships headed southward
and reached its southern most position at 16◦ S on 21 December 2012. During this
time the track alternated between open ocean sections and sections very close to the25

Peruvian coast in the cold upwelling waters to collect coastal as well as open ocean
data. Diurnal variations were observed during 6 stations along the cruise track (Fig. 2).
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2.1 Meteorological observations

Meteorological measurements of surface air temperature (SAT), sea surface tempera-
ture (SST), relative humidity, air pressure, wind speed and direction were taken every
second at about 25 m height on R/V METEOR and averaged to 10 min intervals for our
investigations. Atmospheric profiles of temperature, wind and humidity were obtained5

by 98 radiosonde launches at standard UTC time (00:00, 06:00, 12:00, 18:00 UTC) and
additionally 3 hourly during the diurnal stations along the cruise track, using Vaisala
RS92 radiosondes. Due to permission limitations, radiosondes could not be launched
within 12 NM of the Peruvian coast. The collected radiosonde data was integrated in
near real time into the Global Telecommunication System (GTS) to improve meteo-10

rological reanalysis (e.g. ERA-Interim) and operational European Centre for Medium
Range Weather Forecast models (opECMWF).

2.2 MABL height

The radiosonde data are used to identify the height of the MABL, which is the atmo-
spheric surface layer above the ocean in which trace gas emissions are mixed hori-15

zontally on a short time scale of an hour or less by convection and turbulence (Stull,
1988). Two different kinds of MABL can be distinguished, the convective and the stable
MABL, which can be characterized by the gradient of the virtual potential temperature
θv. A negative or neutral gradient reveals an unstable convective layer, while a posi-
tive gradient reveals a stable atmospheric layer. In case of an increase of the virtual20

potential temperature from the surface, mixing in the MABL is suppressed. The upper
limit of the convective MABL is set by a stable layer, e.g., a temperature inversion or
a significant reduction in air moisture and is typically found above open ocean regions
between 100 m and 3 km height (Stull, 1988; Seibert et al., 2000). For the determi-
nation of this stable layer above the convective MABL, we use the practical approach25

described in Seibert et al. (2000) and compute the virtual potential temperature during
the radiosonde ascent whose increase with altitude indicates the base of a stable layer.
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In this study the base of this stable layer increased by half of this stable layer depth is
the definition for the MABL height. Over oceanic upwelling regions this stable layer can
even descend to the ocean surface (e.g. Höflich et al., 1972; Fuhlbrügge et al., 2013).

2.2.1 Relative humidity

Estimates for atmospheric surface stability and MABL conditions in oceanic upwelling5

region can also be obtained from variations of the surface humidity. While the absolute
humidity determines the amount of water in a specific volume of air, the relative humid-
ity is the ratio of the partial pressure of water vapour to the equilibrium vapour pressure
at the observed temperature. Variations of the SAT therefore directly influence the rela-
tive humidity at the surface. A decrease of the SAT due to cold upwelling water leads to10

an increase of the relative humidity, while the absolute humidity stays constant or even
decreases due to condensation of water vapour once the relative humidity reaches
100 % and the air is saturated with water vapour. An elevated relative humidity in this
oceanic region therefore points to stable layers with suppressed mixing of surface air
and to a low and stable MABL height.15

2.2.2 Estimation of MABL height above the upwelling

To estimate the MABL height above upwelling areas close to the coast, where ra-
diosonde launches were permitted (Sect. 2.1) a multiple linear regression was ap-
plied. Using observed meteorological parameters revealing significant correlations (see
Sect. 3.5) with the observed MABL height, relative humidity (x1), SAT (x2), SST (x3)20

and wind speed (x4), along the cruise we obtained the following Eq. (1):

MABL height = b1x1 +b2x2 +b3x3 +b4x4

with b1 = −0.0117;b2 = 0.0202;b3 = 0.0467;b4 = 0.0089
(1)
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2.3 Atmospheric VSLS measurements

A total of 198 air samples were collected 3 hourly during the cruise at about 20 m
height on the 5th superstructure deck of R/V METEOR. The air samples were pressur-
ized to 2 atm in pre-cleaned stainless steel canisters with a metal bellows pump and
were analyzed at the Rosenstiel School for Marine and Atmospheric Sciences (RS-5

MAS, Miami, Florida) within 6 months after the cruise. Details about the analysis, the
instrumental precision and the preparation of the samples are described in Schauffler
et al. (1999) and Fuhlbrügge et al. (2013). The atmospheric mixing ratios were calcu-
lated with a NOAA standard (SX3573) from GEOMAR.

2.4 Oceanic concentrations and sea–air flux10

102 water samples were taken in-situ on a 3 hourly basis from the moon pool of R/V
METEOR at a depth of 6.8 m from a continuously working water pump after 9 De-
cember 2012. The samples were then analysed for bromoform, dibromomethane and
methyl iodide and other halogenated trace gases by a purge and trap system, attached
to a gas chromatograph combined with an ECD (electron capture detector) with a pre-15

cision of 10 % determined from duplicates. The approach is described in detail by Hep-
ach et al. (2014).

2.4.1 Sea–air flux

The sea–air flux (F ) of bromoform, dibromomethane and methyl iodide is calculated
with kw as transfer coefficient and ∆c as concentration gradient between the water20

and equilibrium water concentration determined from the atmospheric concentrations
(Eq. 2). The transfer coefficient was determined by the air–sea gas exchange param-
eterization of Nightingale et al. (2000) after a Schmidt number (Sc) correction for the
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three gases (Eq. 3).

F = kw ·∆c (2)

kw = kCO2
· Sc−

1
2

600
(3)

Details on deriving the air–sea concentration gradient and emissions are further de-
scribed in Hepach et al. (2014) and references therein.5

2.5 Trajectory calculations

The Lagrangian Particle Dispersion Model FLEXPART of the Norwegian Institute for Air
Research in the Department of Atmospheric and Climate Research (Stohl et al., 2005)
was used to analyse the air mass origins and the transport of surface air masses along
the cruise track to the free troposphere. FLEXPART has been evaluated in previous10

studies (Stohl et al., 1998; Stohl and Trickl, 1999). The model includes moist con-
vection and turbulence parameterizations in the atmospheric boundary layer and free
troposphere (Stohl and Thomson, 1999; Forster et al., 2007). We use the ECMWF (Eu-
ropean Centre for Medium-Range Weather Forecasts) reanalysis product ERA-Interim
(Dee et al., 2011) with a horizontal resolution of 1◦ ×1◦ and 60 vertical model levels15

as meteorological input fields, providing air temperature, horizontal and vertical winds,
boundary layer height, specific humidity, as well as convective and large scale precipi-
tation with a 6 hourly temporal resolution. Due to the spatial resolution of ERA-Interim
data along the Peruvian coast defining the land–sea mask of our trajectory calcula-
tions, 98 out of 140 release points for the forward and backward trajectory calculations20

were analysed along the cruise track. At each these release points 10 000 forward
and 50 backward trajectories were launched within ±30 min and ∼ 20 m distance to
the ship positions from the ocean surface. Time and position of the release events are
synchronized with air samples taken on R/V METEOR (Sect. 2.3).
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2.6 Oceanic contribution to MABL VSLS abundances

To obtain an estimate of the contribution of local oceanic sources to the atmospheric
mixing ratios in the lowermost atmosphere above the Peruvian upwelling we apply
a mass balance concept to the oceanic emissions, to the time scales of air mass trans-
port and to the chemical loss (Fuhlbrügge et al., 2015). First we define a box above5

each release event with a size of ∼ 400 m2 around the measurement location and the
height of the MABL and assume a steady-state observed VSLS mixing ratio within the
box. During each trajectory release event we assume the specific sea–air flux to be
constant and the emissions to be homogeneously mixed within the box. Then the con-
tribution of the sea–air flux is computed as the ratio of the VSLS flux from the ocean10

into the MABL (in mol per day) and the total amount of VSLS in the box (in mol) and
is defined as the Oceanic Delivery (OD) and OD is given in percentage per day. In
addition to the delivery of oceanic VSLS to the box, the loss of VSLS out of the box
into the free troposphere is defined as the COnvective Loss (COL) and is derived from
the mean residence time derived from the FLEXPART trajectories in the box during15

each release event. Since this process is a loss process, COL is given as a negative
quantity and in percentage per day. The chemical degradation of VSLS by OH and
photolysis in the MABL is considered by the chemical lifetime of each compound in
the MABL. We use lifetimes of 16 days for bromoform and 60 days for dibromomethane
(Hossaini et al., 2010) and 3 days for methyl iodide (R. Hossaini, personal communi-20

cation, 2013), representative for the tropical boundary layer. The Chemical Loss (CL)
acts as loss process as well and is given as a negative quantity in percentage per day.
We further assume a steady state in the box. OD, COL and CL must therefore be bal-
anced by an advective transport of air masses in and out of the box. The change of the
VSLS through advective transport is defined as Advective Delivery (AD) and given in25

percentage per day.
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By relating OD to COL, we receive an Oceanic Delivery Ratio (ODR) (Eq. 4):

ODR =
OD [%d−1]

−COL [%d−1]
=

Sea–air flux contribution [%d−1]

Loss of box air to the FT [%d−1]
(4)

Similarly, the Chemical Loss in the box (CL), respectively, the change in VSLS due
to advection (AD) are related to COL to get the Chemical Loss Ratio (CLR) and the
Advective Delivery Ratio (ADR) with ADR= 1−CLR−ODR. Since CL, OD and AD5

are divided by –COL, ratios for source processes are positive and negative for loss
processes (Fuhlbrügge et al., 2015).

3 Observations on R/V METEOR

3.1 Meteorological observations

The Peruvian coast is dominated by the Southern Hemisphere trade wind regime with10

predominantly southeast winds (Fig. 1). The Andes, which are known to act as a bar-
rier to zonal wind in this region, affect the horizontal air mass transport along the coast
(Fig. 1b–d). The steeply sloping mountains at the coast form strong winds parallel to
the South American coastline (Garreaud and Munoz, 2005), leading to distinct wind-
driven oceanic upwelling of cold water along the coast. The 10-day backward trajec-15

tories reveal predominantly near-shore air masses with coastal influence and marine
air masses (Fig. 1). The average wind direction observed on R/V METEOR during the
cruise is 160◦ ±34◦ (mean±σ) with a moderate average wind speed of 6.2±2.2 ms−1

(Fig. 2b). ERA-Interim reveals similar winds along the cruise track with a mean wind
speed of 5.6±1.8 ms−1 and a mean wind direction of 168◦ ±21◦ (not shown here). The20

divergence of the wind driven Ekman transport along the Peruvian coast leads to the
observed oceanic upwelling of cold waters. This upwelling is observed for several times
near the coast where both, SST and SAT rapidly drop to less than 18 ◦C (Fig. 2a). The
impact of the cold upwelling water on the observed air masses is also visible in the
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observed humidity fields (Fig. 2c). Here, the decreasing SAT reduces the amount of
water vapour that the surface air is able to contain, leading to an increase of the rela-
tive humidity. The decreasing SAT and increasing relative humidity above the oceanic
upwelling indicate a stable atmospheric surface layer, in which vertical mixing is sup-
pressed. The absolute humidity stays constant or even decreases above the oceanic5

upwelling due to condensation of water vapour when surface air cools and becomes
saturated, which coincides with fog observations on the ship above the upwelling re-
gions. A decrease of the absolute humidity outside the upwelling points to a change in
advected air masses for example between 9 and 11 December, but also on 19 Decem-
ber 2012 (Fig. 2c).10

3.2 VSLS observations and oceanic emissions

Bromoform concentrations in the ocean surface range from 0.2–21.5 pmolL−1 with
a mean of 6.6±5.5(1σ) pmolL−1 during the cruise (Fig. 2d, Table 1). Dibromomethane
concentrations range from 0.2–12.7 pmolL−1 with a mean of 4.3±3.4 pmolL−1 and
methyl iodide concentrations range from 1.1–35.4 pmolL−1 with a mean of 9.8±15

6.3 pmolL−1. Samples taken in the upwelling areas show elevated concentrations com-
pared to the open ocean for all compounds. For further discussion on the distribution
of the oceanic halocarbons, see Hepach et al. (2015a).

Mixing ratios of atmospheric bromoform range from 1.53–5.85 ppt during the cruise
with an overall moderate mean of 2.91±0.68 ppt (Table 1). Elevated mixing ratios of20

> 3 ppt are generally found above the oceanic upwelling areas close to the Peruvian
coast, while these concentrations are hardly measured outside the oceanic upwelling
(Fig. 2e). Highest bromoform mixing ratios (> 4 ppt) are observed on 23 and 24 De-
cember 2012 at 15.3◦ S and 75.4◦ W. Dibromomethane mixing ratios range between
0.82 and 2.04 ppt with an overall low mean of 1.25±0.26 ppt. The atmospheric bro-25

mocarbons correlate with each other with R = 0.79 (Table 3). Like bromoform, also
dibromomethane mixing ratios are elevated above the oceanic upwelling areas, except
for 8 December 2012, where an increase is also found outside the upwelling. The con-
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centration ratio of dibromomethane and bromoform can be used as an indicator for
the age of bromocarbon sources along the coast. Low ratios of about 0.1 have been
observed and are interpreted as the emission ratios of macro algae (Yokouchi et al.,
2005; Carpenter et al., 2003). The shorter mean boundary layer lifetime of bromoform
(16 days) in contrast to dibromomethane (60 days) after Hossaini et al. (2010) leads5

to an increase of the ratio as long as the air mass is not enriched with fresh bromo-
form. During the cruise the concentration ratio shows a gradient from the North to the
South, with a mean of 0.44±0.07 (Fig. 2f). Thus, we find relatively remote air masses
in the North with a concentration ratio of 0.70 on 5 December and lowest ratios down to
0.31 on 24 December 2012, which implies an intensification of fresh sources towards10

the South that is also reflected by elevated water concentrations. Atmospheric methyl
iodide along the cruise track ranges between 0.61 and 3.21 ppt with an overall ele-
vated mean of 1.54±0.49 ppt generally maximizing over the oceanic upwelling regions
(Fig. 2e). Correlations of methyl iodide with the bromocarbons result in R = 0.79 for
bromoform and R = 0.66 for dibromomethane (Table 3).15

Oceanic emissions during the cruise were calculated from the synchronized mea-
surements of sea water concentrations and atmospheric mixing ratios, sea sur-
face temperatures and wind speeds, measured on R/V METEOR (Sect. 2.4.1).
Oceanic concentrations and atmospheric mixing ratios of each compound are weakly
or not at all correlated (Rbromoform = 0.00, Rdibromomethane = 0.29 and Rmethyl iodide =20

0.34). Mean sea–air fluxes during the cruise are 130±554 pmolm−2 h−1 (bromoform),
273±334 pmolm−2 h−1 (dibromomethane) and 954±697 pmolm−2 h−1 (methyl iodide)
(Fig. 2g, Table 1). The low bromocarbon emissions are probably caused by the ob-
served elevated VSLS atmospheric concentrations, relatively low oceanic VSLS con-
centrations and low wind speeds and SSTs. On the other site, the high concentrations25

of methyl iodide in the surface waters lead to high oceanic emissions and elevated
atmospheric mixing ratios. Further investigations of the distributions and sources of
iodinated compounds during this cruise are carried out by Hepach et al. (2015b).
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3.3 Lower atmosphere conditions

The atmospheric conditions in the lower troposphere, in particular the stability of the
lowermost atmosphere and the height of the MABL, are obtained from radiosonde
data launched along the cruise track. The relative humidity shows a strong vertical
gradient at ∼ 1 km height (Fig. 3a). At this altitude, the relative humidity drops rapidly5

from over 75 % to less than 50 % which indicates a decrease in total humidity and/or
an increase in air temperature due to suppressed mixing. The barrier for convective
activity in this height, known as the trade inversion (Höflich, 1972), is typically found
over the eastern side of tropical oceans within the lower 3 km above the surface and
caused by the large-scale descending of air masses in the Hadley Cell (Riehl, 1954,10

1979). This trade inversion is also reflected in the meridional wind observed by the
radiosondes (Fig. 3b). Air masses below ∼ 1 km altitude have a strong positive merid-
ional wind component due to the Southeast trade winds in this region, which is also
visible in the forward trajectories (Fig. 1c and d). The back flow of the trade winds in
the Hadley Cell to the subtropics causes a predominantly Northerly wind above ∼ 1 km15

height. The intense increase of θv in combination with the relative humidity decrease
and the wind shear at ∼ 1 km height identifies this level as a strong vertical transport
barrier (Fig. 3c). However, the low SAT above the cold upwelling water creates addi-
tional stable layers below the trade inversion. In particular above the upwelling, these
stable layers can reach the surface and lead to very low MABL heights, e.g., on 3, 820

or 17 December 2012 and a reduction in vertical surface air exchange. Meteorolog-
ical observers on board the ship witnessed fog coinciding with the elevated relative
humidity above upwelling regions lasting for almost 20 h on 15–16 December 2012,
confirming the suppressed mixing within the MABL. The mean MABL height from the
radiosonde observations is 370±170 m (ERA-Interim 376±169 m). Since the relative25

humidity, SAT, SST and wind speed are good indicators for the MABL conditions in
this oceanic region and these meteorological parameters show significant correlations
with the observed MABL height (Table 3), we use a multiple linear regression based
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on these parameters to estimate the MABL height above the upwelling (Sect. 2.2.2).
With the regressed MABL heights above the upwelling, the mean MABL height during
the cruise decreases to 307±177 m and reveals the expected low mean MABL heights
above cold upwelling regions of 158±79 m and down to even 10 m as was previously
observed above the Mauritanian Upwelling (Fuhlbrügge et al., 2013). A 12 hourly ERA-5

Interim MABL height revealed an average height of 376±169 m along the cruise track.
The effects of the MABL and trade inversions transport barriers result in supressed
transport to the free troposphere (Fig. 3d).

We interpret the observations as the following. In the region of the Peruvian Up-
welling, compounds emitted from the ocean and observed at the marine surface are10

first homogeneously distributed within the MABL during a couple of hours, before ad-
vection transport them further within the second transport barrier of the lowermost
atmosphere the trade wind inversion. For air masses above or close to oceanic up-
welling regions, the MABL height is the first weak transport barrier on short time scales
(hours), while the trade inversions acts as the second more pronounced barrier for15

vertical transport on long time scales (days).

3.4 Contribution of oceanic emissions to observed VSLS abundances in the
MABL

We estimate the contribution of oceanic emissions to mixing ratios within the MABL
and below the trade inversion with a VSLS source-loss estimate (Table 2). The loss of20

VSLS out of the MABL box is −341.7 %d−1 and equal for all compounds, since it is
computed from the loss of trajectories out of the box. The loss is based on a mean res-
idence time of the FLEXPART trajectories of 7 h in the observed MABL height during
the cruise. The ratio of the OD of each compound and the COL results in the particular
ODR. The ODR reveals that on average only 3 % of the observed atmospheric bromo-25

form in the MABL origins from nearby oceanic emissions and that 97 % are advected.
Local oceanic emissions of dibromomethane contribute about 11 % of the observed
abundances in the MABL, while methyl iodide emissions contribute with 31 %, which
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is far less compared to observations in other source regions with high convection as
in the South China and Sulu Seas (Fuhlbrügge et al., 2015). While the surface air
masses can leave the MABL within hours, they are suppressed from entering the free
troposphere through the trade inversion barrier. Adapting an average trade inversion
height of 1.1 km as the transport barrier for surface air masses into the free tropo-5

sphere reveals an average residence time of the FLEXPART trajectories of 41 h below
this trade inversion height. The atmospheric VSLS below the trade inversion originate
to 12 % from oceanic emissions (ODR) for bromoform, to 37 % for dibromomethane
and to 103 % for methyl iodide. The increased residence time of air masses below the
trade inversion, reflected by the FLEXPART trajectories, leads to a stronger enrich-10

ment of air masses with VSLS from the oceanic emissions, reflected by OD, compared
to the MABL box. However, the low sea–air fluxes of bromoform and dibromomethane
are by far not strong enough to lead to the observed mixing ratios. Oceanic emissions
of methyl iodide could explain the atmospheric mixing ratios below the trade inversion
(ODR), but the chemical degradation can destroy up to 72 % (CLR) of the observed15

amount within the residence time of the air masses below the trade inversion. Since
the oceanic delivery is very low for the bromocarbons and the elevated oceanic delivery
of methyl iodide is nearly compensated by the chemical degradation, observed VSLS
abundances of all three compounds are mostly advected during the cruise, which is
reflected by high ADRs within the MABL and below the trade inversion (Table 2).20

3.5 Meteorological constrains on atmospheric VSLS in the MABL

Fuhlbrügge et al. (2013) identified the influence of meteorological conditions, in partic-
ular of MABL height variations on VSLS abundances in the tropical Northeast Atlantic
above the Mauritanian Upwelling, and suggested a general correlation of MABL con-
ditions and VSLS abundances over oceanic upwelling regions. Indeed, we also find25

significant high correlations between meteorological parameters and the abundances
of bromoform, dibromomethane and methyl iodide (Table 3) along the Peruvian coast.
The predominantly moderate winds during the cruise are negatively correlated with the
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atmospheric VSLS (bromoform R = −0.38, dibromomethane R = −0.53, and methyl io-
dide R = −0.33) and positively correlated with the MABL height (R = 0.44) implying that
VSLS abundances tend to be elevated during periods of lower wind speeds, which in
return lead to less mixing of surface air and therefore to lower MABL heights, in par-
ticular on 11, 15–17 and 24 December 2012. SAT and SST both correlate with atmo-5

spheric VSLS. Bromoform correlates with SAT and SST with R = −0.50, respectively
R = −0.57. Correlation coefficients between methyl iodide, SAT and SST are slightly
lower with R = −0.37 and R = −0.42, while dibromomethane has the strongest nega-
tive correlation to SAT (R = −0.78) and SST (R = −0.81). Generally high correlations
between a meteorological parameter and the VSLS are found for the relative humid-10

ity with R = 0.74, R = 0.77 and R = 0.67 (bromoform, dibromomethane and methyl io-
dide). Correlation coefficients between the MABL height and the VSLS are slightly
lower with R = −0.55, R = −0.61, respectively R = −0.45. Since SAT and SST impact
the MABL, which affects the relative humidity, these correlation coefficients are co-
correlated with each other.15

The results reveal that the MABL properties (height and character) influence the
VSLS abundances at the marine surface, although not as distinct as above the Mau-
ritanian Upwelling (Fuhlbrügge et al., 2013). A comparison between the observations
from the Peruvian Upwelling and the Mauritanian Upwelling (Fig. 4) shows that the vari-
ance of the former may explain the lower correlation. Reasons for this are discussed in20

the following.

4 Discussion

The observations reveal a significant correlation between the MABL height and at-
mospheric VSLS abundances above the Peruvian Upwelling. However, the correlation
coefficients between the determined MABL height and the atmospheric VSLS are not25

as high as above the Mauritanian Upwelling during the DRIVE campaign (Fuhlbrügge
et al., 2013). Reasons might be the large area of the investigated region in the North-
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east Atlantic Ocean during the DRIVE campaign (25◦ latitude×10◦ longitude) in con-
trast to this study along the Peruvian coast (12◦ latitude×2 ◦ longitude). M91 observa-
tions therefore involve less variability of covered oceanic regimes of open ocean and
coastal upwelling, VSLS concentrations and meteorological parameters, in particular of
the MABL height, than the DRIVE observations. The Andes along South America lead5

to predominantly southerly winds along the West coast line with minor continental influ-
ence, while the Mauritanian Upwelling is influenced by both, maritime and continental
air masses. The latter can lead to strong surface inversions above the Mauritanian Up-
welling and strongly suppressed mixing of surface air. Although our investigations re-
vealed low MABL heights close to the Peruvian coast, the distinct surface inversions as10

observed above the Mauritanian Upwelling are not present in the available radiosonde
data for this Peruvian Upwelling region. In addition, the relatively low sea–air fluxes of
bromoform and dibromomethane, caused by moderate winds and small concentration
gradients between the surface ocean and the surface atmosphere, as well as the short
lifetime of methyl iodide lead to an insufficient enrichment of VSLS in the atmosphere.15

The observed air masses therefore contain VSLS mixing ratios which are predomi-
nantly advected. This is confirmed by our computed ADR (Sect. 3.4). The backward
trajectories reveal air masses originating from the open ocean, which are transported
along the coast for about 5 days until they reach the ship. In combination with the
distinct trade inversion acting as strong barrier to the vertical mixing of trace gases,20

air-masses along the coast travel close to the surface where they can be enriched with
local emissions before they are observed on-board. In addition, the in-situ observed
oceanic emissions along the cruise track of R/V METEOR therefore cause small vari-
ations to the accumulated background mixing ratios of the advected air masses. This
leads to lower correlation coefficients between the MABL height and the VSLS abun-25

dances compared to the Mauritanian Upwelling.
Although the oceanic emissions are already well mixed within days below the trade

inversion, methyl iodide mixing ratios indicate a positive correlation with the trade inver-
sion height, which is unexpected. The correlation coefficient might be artificial, as we
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observe elevated methyl iodide above the upwelling, where trade wind inversion heights
are missing but can be assumed to be low (Riehl, 1954), which is also indicated by the
correlation coefficients with SAT and SST. Nevertheless, this circumstance should be
taken into account in future studies.

After the air masses are observed on R/V METEOR, the 10 day FLEXPART for-5

ward trajectories reveal a near-surface transport towards the equator (Fig. 1c and d).
These trajectories predominantly stay below 1 km altitude due to the horizontal extent
of the trade inversion. The contribution of oceanic VSLS emissions from the Peruvian
Upwelling to the free troposphere above this region is therefore strongly suppressed
by the trade inversion (Fig. 3d). A contribution of oceanic emissions from the Peru-10

vian Upwelling to the free troposphere is only achieved in the ITCZ after a transport
time of 5–8 days, where the VSLS abundances are transported into higher altitudes.
These transport paths may also explain the elevated methyl iodide observed by Yok-
ouchi et al. (2008) at San Cristobal, Galapagos and the elevated IO of Schönhardt
et al. (2008) and Dix et al. (2013) in the tropical East Pacific. The elevated mixing ratios15

of methyl iodide are further investigated by Hepach et al. (2015b). It has to be noted
that the determined low contribution of oceanic emissions and boundary layer air to
the free troposphere in this region is only representative for normal El Niño South-
ern Oscillation conditions as it was observed in December 2012 (http://www.cpc.ncep.
noaa.gov/products/analysis_monitoring/enso_disc_nov2012/ensodisc.pdf). Since the20

Walker Circulation is reversed during El Niño, upwelling along the Peruvian coast is
known to be suppressed and convective activity enhanced (Philander, 1989).

5 Summary

This study investigated the contribution of oceanic VSLS emissions to their abundances
in the lowermost atmosphere as well as meteorological constrains on this contribution25

above both, oceanic upwelling regions and open ocean along the Peruvian coast during
December 2012. Meteorological data were measured on R/V METEOR near the ocean
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surface and by radiosondes launched up to the stratosphere. Oceanic VSLS emissions
along the cruise track were determined from air and water samples taken near the
ocean surface. To investigate the transport of the observed air masses, FLEXPART
forward and backward trajectories were computed.

Oceanic upwelling was observed close to the Peruvian coast by SST decreases to5

15 ◦C caused by the wind driven Ekman transport along the coast line with observed
moderate wind speeds of 6.2±2.2 ms−1. The oceanic upwelling coincided with ele-
vated relative humidity including the formation of low level fog. On average a low,
stable MABL height of 307±177 m was determined from radiosonde launches and
multiple linear regressions during the cruise. A decrease of the MABL height from10

the open ocean towards the coast was observed. The radiosonde launches also re-
vealed a distinct trade inversion at 1.1±0.3 km height. This study concentrates on the
three halogenated VSLS: bromoform, dibromomethane and methyl iodide. Except for
methyl iodide, oceanic emissions were low with 130±554 pmolm−2 h−1 for bromoform,
273±334 pmolm−2 h−1 for dibromomethane, and 954±697 pmolm−2 h−1 for methyl io-15

dide. Despite the low oceanic emissions, the atmospheric mixing ratios of the com-
pounds were elevated with 2.9±0.7 ppt (bromoform), 1.3±0.3 ppt (dibromomethane)
and 1.5±0.5 ppt (methyl iodide). According to our FLEXPART ERA-Interim trajectory
calculations, the average residence time of surface air masses in the observed MABL
was 7 h. Once these air masses left the MABL, they were suppressed in their verti-20

cal movement by the trade inversion, which was reflected by an average residence
time of 41 h below the trade inversion. This additional distinct inversion layer evolved
as the dominant transport barrier for MABL air into the free troposphere and led to
an accumulation of air masses and the VSLS abundances therein observed during
the cruise. With a simple source-loss estimate we computed the ratio between the25

contribution of oceanic emissions and advection to the loss of air into the free tro-
posphere. The oceanic emissions along the cruise track explained on average only
12 % for bromoform and 37 % for dibromomethane, but 103 % for methyl iodide of the
observed VSLS abundances. Considering the chemical degradation of the compounds
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during the residence time of the trajectories below the trade inversion, a residual advec-
tive transport of 104 % (bromoform), 68 % (dibromomethane) and 69 % (methyl iodide)
was necessary to explain the observed atmospheric VSLS mixing ratios. The elevated
atmospheric VSLS observed on R/V METEOR were therefore largely advected and
enriched along the Peruvian coast. Nevertheless, significant correlation coefficients5

between the MABL height and atmospheric abundances of bromoform (R = −0.55),
dibromomethane (R = −0.61), respectively methyl iodide (R = −0.45) reveal an impact
of the low oceanic emissions on the atmospheric VSLS abundances. The lower cor-
relation between the MABL height and the atmospheric VSLS in this oceanic region
compared to the Mauritanian Upwelling was identified to be caused by less variability10

of oceanic regimes and more stable atmospheric regimes during this cruise.
Our study confirms that MABL height and characteristics is generally related

with atmospheric VSLS abundances above oceanic upwelling regions. Additionally,
a widespread trade inversion can lead to a near-surface accumulation of the VSLS
which impacts oceanic emissions and therefore feedback on VSLS concentrations in15

the lower atmosphere. The double transport barrier phenomena should be investigated
in future studies of other oceanic upwelling regions as well.
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Table 1. Oceanic concentrations, atmospheric mixing ratios and sea–air fluxes of bromo-
form (CHBr3), dibromomethane (CH2Br2), the concentration ratio of bromoform and dibro-
momethane and methyl iodide (CH3I) observed during the cruise. Values are given in
mean±1σ [range].

CHBr3 CH2Br2 CH2Br2/CHBr3 CH3I

Oceanic concentration
[pmolL−1]

6.6±5.5
[0.2–21.5]

4.3±3.4
[0.2–12.7]

0.9±0.8
[0.1–4.2]

9.8±6.3
[1.1–35.4]

Atmospheric mixing ratio
[ppt]

2.9±0.7
[1.5–5.9]

1.3±0.3
[0.8–2.0]

0.4±0.1
[0.3–0.7]

1.5±0.5
[0.6–3.2]

Sea–air flux
[pmolm−2 h−1]

130±554
[−550–2201]

273±334
[−128–1321]

0.4±8.6
[−24.5–48.9]

954±697
[21–4687]
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Table 2. Mean±1σ of Oceanic Delivery (OD), Advective Delivery (AD), Chemical Loss (CL),
COnvective Loss (COL), Oceanic Delivery Ratio (ODR), Advective Delivery Ratio (ADR) and
Chemical Loss Ratio (CLR) of bromoform (CHBr3), dibromomethane (CH2Br2) and methyl io-
dide (CH3I). Parameters have been computed for a box with the vertical extension of the MABL
height (MABLH) and a mean trade inversion height of 1.1 km (TIH).

OD
[%d−1]

AD
[%d−1]

CL
[%d−1]

COL
[%d−1]

ODR ADR CLR

CHBr3 MABLH 10.2±31.2 347.5±114.3 −6.6 −341.7±118.2 0.03±0.09 0.99±0.09 −0.02±0.01
TIH 4.4±13.6 52.3±24.3 −6.6 −58.5±27.4 0.12±0.45 1.04±0.44 −0.16±0.07

CH2Br2 MABLH 36.0±43.5 317.0±117.2 −1.8 −341.7±118.2 0.11±0.12 0.90±0.12 −0.01±0.00
TIH 15.3±18.6 36.5±27.4 −1.8 −58.5±27.4 0.37±0.61 0.67±0.61 −0.04±0.02

CH3I MABLH 96.2±53.7 276.2±122.6 −30.7 −341.7±118.2 0.31±0.18 0.79±0.17 −0.10±0.04
TIH 41.1±23.0 39.5±34.2 −30.7 −58.5±27.4 1.03±0.78 0.69±0.66 −0.72±0.31
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Table 3. Spearman correlation coefficients (R) of meteorological parameters, MABL height
and trade inversion height correlated with atmospheric bromoform (CHBr3), dibromomethane
(CH2Br2) and methyl iodide (CH3I). MABL height∗ is the determined MABL height from the ra-
diosonde launches, complimented by the regressed MABL height (Sect. 3.3). Bold coefficients
have a p value of < 0.05.

MABL height MABL height∗ Trade inversion CHBr3 CH2Br2 CH3I

Wind speed 0.35 0.44 −0.06 −0.38 −0.53 −0.33

SAT 0.65 0.79 0.24 −0.50 −0.78 −0.37

SST 0.66 0.80 0.23 −0.57 −0.81 −0.42

SAT−SST −0.39 −0.47 −0.11 0.38 0.48 0.30

Rel. humidity −0.77 −0.81 −0.06 0.74 0.77 0.67

MABL height∗ – – 0.08 −0.55 −0.61 −0.45

CHBr3 −0.55 −0.60 −0.03 – 0.79 0.79

CH2Br2 −0.61 −0.72 −0.02 0.79 – 0.66

CH3I −0.45 −0.50 0.30 0.79 0.66 –
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Figure 1. (a) 10 min mean of wind speed observed on R/V METEOR displayed along the cruise
track; monthly mean (December 2012) of 10 m wind speed and direction from ERA-Interim dis-
played as arrows. (b) Extract from 10-day FLEXPART backward trajectories coloured according
to the time until they reach the specific ship position on the cruise track of R/V METEOR (black).
(c) Extract from 10-day FLEXPART forward trajectories coloured according to the time since
they were released. (d) Same as (c) coloured according to the height (km) of the trajectories.
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Figure 2. Observations during 1–25 December 2012 on R/V METEOR. Diurnal stations are
indicated by grey background shades. (a) 10 min mean of the SAT (orange) and the SST (blue)
in ◦C. According to SST decrease, upwelling regions are marked with a light blue background
shade in Fig. 2b–e. (b) 10 min mean of wind direction in cardinal directions (ocher) and wind
speed in ms−1 (blue). (c) 10 min mean of relative humidity in % (dark blue) and absolute hu-
midity in gm−3 (green). (d) Oceanic surface concentrations of bromoform (CHBr3, blue), di-
bromomethane (CH2Br2, dark grey) and methyl iodide (CH3I, red) in pmolL−1. (e) Atmospheric
mixing ratios of bromoform, dibromomethane and methyl iodide in ppt. (f) Concentration ratio of
dibromomethane and bromoform. (g) Sea–air flux for bromoform, dibromomethane and methyl
iodide in pmol m−2 h−1.
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Figure 3. Radiosonde observations of the lower 6 km of the atmosphere between 2 and 24 De-
cember 2012 on R/V METEOR. Shown are (a) the relative humidity in %, (b) the meridional
wind in ms−1 and (c) the gradient of the virtual potential temperature in E−2 Km−1 in combina-
tion with the determined MABL height (black) and the complimented MABL height above the
oceanic upwelling from the multiple linear regressions (blue). (d) Distribution of 10-day FLEX-
PART forward trajectories. The black contour lines give the amount of trajectories in percentage
that reach a specific altitude within the 10 days. The elapsed time in days until these trajecto-
ries reach this height is reflected by the colour shading. The white line shows the ERA-Interim
MABL height at the ship position. Trajectory analyses gaps close to the coast are whitened
(Sect. 2.5). The y axes are non-linear.
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Figure 4. Scatter plots of atmospheric mixing ratios of bromoform, dibromomethane, methyl
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Abstract 1 

Halocarbons, halogenated short-chained hydrocarbons, are produced naturally in the oceans 2 

by biological and chemical processes. They are emitted from surface seawater into the 3 

atmosphere, where they take part in numerous chemical processes such as ozone destruction 4 

and the oxidation of mercury and dimethyl sulfide. Here we present oceanic and atmospheric 5 

halocarbon data for the Peruvian upwelling obtained during the M91 cruise onboard the 6 

research vessel Meteor in December 2012. Surface waters during the cruise were 7 

characterized by moderate concentrations of bromoform (CHBr3) and dibromomethane 8 

(CH2Br2) correlating with diatom biomass derived from marker pigment concentrations, 9 

which suggests this phytoplankton group as likely source. Concentrations measured for the 10 

iodinated compounds methyl iodide (CH3I) of up to 35.4 pmol L
-1

, chloroiodomethane 11 

(CH2ClI) of up to 58.1 pmol L
-1

 and diiodomethane (CH2I2) of up to 32.4 pmol L
-1

 in water 12 

samples were much higher than previously reported for the tropical Atlantic upwelling 13 

systems. Iodocarbons also correlated with the diatom biomass and even more significantly 14 

with dissolved organic matter (DOM) components measured in the surface water. Our results 15 

suggest a biological source of these compounds as significant driving factor for the observed 16 

large iodocarbon concentrations. Elevated atmospheric mixing ratios of CH3I (up to 3.2 ppt), 17 

CH2ClI (up to 2.5 ppt) and CH2I2 (3.3 ppt) above the upwelling were correlated with seawater 18 

concentrations and high sea-to-air fluxes. The enhanced iodocarbon production in the 19 

Peruvian upwelling contributed significantly to tropospheric iodine levels.  20 

 21 

1 Introduction 22 

Brominated and iodinated short-lived organic compounds (halocarbons) from the oceans 23 

contribute to tropospheric and stratospheric chemistry (von Glasow et al., 2004; Saiz-Lopez et 24 

al., 2012b; Carpenter and Reimann, 2014). They are significant carriers of iodine and bromine 25 

into the marine atmospheric boundary layer (Salawitch, 2006; Jones et al., 2010; Yokouchi et 26 

al., 2011; Saiz-Lopez et al., 2012b), where they and their degradation products may also be 27 

involved in aerosol and ultra-fine particle formation (O'Dowd et al., 2002; Burkholder et al., 28 

2004). Furthermore, the short-lived organic compounds are a source for bromine and iodine in 29 

the free troposphere, and thus play an important role for ozone chemistry and other processes 30 

such as the oxidation of several atmospheric constituents (Saiz-Lopez et al., 2012a). 31 

Numerous modelling studies over the last years have shown that brominated short-lived 32 

compounds and their degradation products can be entrained into the stratosphere and enhance 33 
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the halogen-driven ozone destruction (Carpenter and Reimann, 2014; Hossaini et al., 2015). 1 

Recently, it was suggested that also oceanic iodine in organic or inorganic form can contribute 2 

to the stratospheric halogen loading, however only in small amounts due to its strong 3 

degradation (Tegtmeier et al., 2013; Saiz-Lopez et al., 2015).  4 

While different source and sink processes determine the distribution of halocarbons in the 5 

oceanic surface water, the underlying mechanisms are largely unresolved. Biological activity 6 

plays a role for the production of bromoform (CHBr3), dibromomethane (CH2Br2), methyl 7 

iodide (CH3I), chloroiodomethane (CH2ClI) and diiodomethane (CH2I2) (Gschwend et al., 8 

1985; Tokarczyk and Moore, 1994; Moore et al., 1996), while CH3I also originates from 9 

photochemical reactions with dissolved organic matter (DOM) (Moore and Zafiriou, 1994; 10 

Bell et al., 2002; Shi et al., 2014). 11 

Biologically mediated halogenation of DOM (Lin and Manley, 2012; Liu et al., 2015) and 12 

bromination of compounds such as β-diketones via enzymes such as bromoperoxidase (BPO) 13 

within or outside the algal cells (Theiler et al., 1978) are among the potentially important 14 

production processes of CHBr3 and CH2Br2. Air-sea gas exchange into the atmosphere is the 15 

most important sink for both compounds (Quack and Wallace, 2003; Hepach et al., 2015).  16 

The biological formation of CH3I has been investigated during laboratory and field studies 17 

(Scarratt and Moore, 1998; Amachi et al., 2001; Fuse et al., 2003; Smythe-Wright et al., 2006; 18 

Brownell et al., 2010; Hughes et al., 2011) identifying phyto- and bacterioplankton as 19 

producers, revealing large variability in biological production rates. However, biogeochemical 20 

modelling studies suggest that photochemistry may be more important for global CH3I 21 

production (Stemmler et al., 2014). Due to their much shorter lifetime in surface water and the 22 

atmosphere, fewer studies investigated production processes of CH2I2 and CH2ClI. CH2I2 has 23 

been suggested to be produced both by phytoplankton (Moore et al., 1996) and bacteria (Fuse 24 

et al., 2003; Amachi, 2008). The main source for CH2ClI is likely its production during the 25 

photolysis of CH2I2 with a yield of 35 % based on a laboratory study (Jones and Carpenter, 26 

2005). CH2ClI has also been detected in phytoplankton cultures (Tokarczyk and Moore, 1994) 27 

where it may originate from direct production or also from CH2I2 conversion. The main sink 28 

for both CH2I2 and CH2ClI is their photolytic destruction in the surface ocean resulting in 29 

lifetimes of less than 10 min (CH2I2) and 9 h (CH2ClI), respectively, in the tropical ocean 30 

(Jones and Carpenter, 2005; Martino et al., 2006). Other sinks for these three iodocarbons are 31 

air-sea gas exchange and chloride substitution. The latter may play an important role for CH3I 32 

in low latitudes at low wind speeds (Zafiriou, 1975; Jones and Carpenter, 2007).  33 
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Oceanic measurements of natural halocarbons are sparse (Ziska et al., 2013), but reveal that 1 

especially tropical and subtropical upwelling systems are potentially important source regions 2 

(Quack et al., 2007a; Raimund et al., 2011). Previously observed high tropospheric iodine 3 

monoxide (IO) levels in the tropical East Pacific have been related to short-lived iodinated 4 

compounds in surface waters (Schönhardt et al., 2008; Dix et al., 2013). However, iodocarbon 5 

fluxes have not been considered high enough to explain observed IO concentrations (Jones et 6 

al., 2010; Mahajan et al., 2010; Grossmann et al., 2013; Lawler et al., 2014), and recent global 7 

modelling studies suggested abiotic sources contributing on average about 75 % to the IO 8 

budget (Prados-Roman et al., 2015). Such abiotic sources could be emissions of hypoiodous 9 

acid (HOI) and molecular iodine (I2) as recently confirmed by a laboratory study (Carpenter et 10 

al., 2013).   11 

This paper characterizes the Peruvian upwelling region between 5.0° S, 82.0° W and 16.2° S, 12 

76.8° W with regard to the two brominated compounds CHBr3 and CH2Br2 and the iodinated 13 

compounds CH3I, CH2ClI and CH2I2 in water and atmosphere. The latter two compounds 14 

were measured for the first time in this region. Possible oceanic sources based on the analysis 15 

of phytoplankton species composition and different DOM components were evaluated and 16 

identified. Sea-to-air fluxes of these halogenated compounds were derived and their 17 

contribution to the tropospheric iodine loading above the tropical East Pacific by combining 18 

halocarbon and IO measurements and model calculations were estimated. 19 

 20 

2 Methods 21 

The M91 cruise of the RV Meteor from December 1 to 26, 2012 investigated the surface 22 

ocean and atmosphere of the Peruvian upwelling region (Bange, 2013). From the 23 

northernmost location of the cruise at 5.0° S and 82.0° W, the ship moved to the southernmost 24 

position at 16.2° S and 76.8° W with several transects perpendicular to the coast, alternating 25 

between open ocean and coastal upwelling (Fig. 1). All underway measurements were taken 26 

from a continuously operating pump in the ship’s hydrographic shaft from a depth of 6.8 m. 27 

Sea surface temperature (SST) and sea surface salinity (SSS) were measured continuously 28 

with a SeaCAT thermosalinograph from Seabird Electronics (SBE).  29 

Deep samples were taken from 4 to 10 depths between 1 and 2000 m from 12 L Niskin bottles 30 

attached to a 24-bottle-rosette sampler equipped with a CTD and an oxygen sensor from SBE. 31 

Halocarbon samples were collected at 24 of the total 98 casts. The uppermost sample from the 32 

depth profiles (between 1 and 10 m) was included in the surface water measurements.   33 
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2.1 Analysis of halocarbon samples 1 

Halocarbon samples were taken three hourly from sea surface water and air. Surface water 2 

samples were analyzed on board with a purge and trap system attached to a GC-MS 3 

(combined gas chromatography and mass spectrometry) described in more detail in Hepach et 4 

al. (2014). The depth profile samples were analyzed with a similar setup: a purge and trap 5 

system was attached to a GC equipped with an ECD (electron capture detector). The precision 6 

of the measurements lay within 10 % for all five halocarbons determined from duplicates and 7 

both systems were calibrated using the same liquid standards in methanol. Halocarbon 8 

measurements in seawater started only on December 9 due to set up problems. Atmospheric 9 

halocarbon samples were taken on the monkey deck at a height of 20 m using a metal bellows 10 

pump from December 1, and were analyzed at the Rosenstiel School of Marine and 11 

Atmospheric Science (RSMAS) as described in Schauffler et al. (1998). For further details of 12 

atmospheric measurements see Fuhlbrügge et al. (2015a). Quantification was achieved using 13 

the NOAA standard SX3573 from GEOMAR. 14 

2.2 Biological parameters 15 

Phytoplankton composition was derived from pigment concentrations.  Samples were taken in 16 

parallel with the halocarbon samples in the sea surface and up to six samples in depths 17 

between 3 and 200 m. Water was filtered with GF/F filters, which were stored at -80 °C until 18 

analysis after shock-freezing in liquid nitrogen. Pigments as described in Taylor et al. (2011) 19 

were analyzed using a HPLC technique according to Barlow et al. (1997). We used the 20 

diagnostic pigment analysis by Vidussi et al. (2001), subsequently refined by Uitz et al. 21 

(2006) by introducing pigment specific weight coefficients, to determine the chlorophyll a 22 

(Chl a) concentration of seven groups of phytoplankton which are assumed to build up the 23 

entire phytoplankton community in ocean waters. Identified phytoplankton groups include 24 

diatoms, chlorophytes, dinoflagellates, haptophytes, cyanobacteria, cryptophytes and 25 

chrysophytes. Total chlorophyll a (TChl a) concentrations were calculated from the sum of 26 

the pigment concentrations of monovinyl Chl a, divinyl Chl a and chlorophyllide a.  27 

Samples for the identification of DOM components were taken at 37 stations from a rubber 28 

boat from subsurface water at approximately 20 cm (further called “subsurface”). All samples 29 

were processed onboard and analyzed back in the home laboratory. Samples were analyzed 30 

for dissolved and total organic carbon (DOC and TOC), total dissolved nitrogen (TDN), total 31 

nitrogen (TN), total, dissolved and particulate high molecular weight (HMW, >1kDa) 32 
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combined carbohydrates (TCCHO, DCCHO and PCCHO) applying a high-temperature 1 

catalytic oxidation method using a TOC analyzer (TOC-VCSH) from Shimadzu, as well as 2 

total, dissolved and particulate combined HMW uronic acids (TURA, DURA and PURA), i.e. 3 

galacturonic acid and glucuronic acid. These were analyzed by High Performance Anion 4 

Exchange Chromatography coupled with Pulsed Amperometric Detection (HPAEC-PAD) 5 

after Engel and Händel (2011). For a more detailed description of both the sampling method 6 

and analysis see Engel and Galgani (2015). 7 

2.3 Correlation analysis 8 

Correlation analyses between all halocarbons, biological proxies and ambient parameters were 9 

carried out using Matlab® for all collocated surface and depth samples. All datasets were 10 

tested for normal distribution using the Lilliefors-test. Since most of the data were not 11 

distributed normally, Spearman’s rank correlation (hereinafter called rs) was used. All 12 

correlations with a significance level of smaller than 5 % (p < 0.05) were regarded as 13 

significant. 14 

2.4 Calculation of sea-to-air fluxes 15 

Sea-to-air fluxes F of halocarbons were calculated according to equation 1 with kw as the gas 16 

exchange coefficient parameterized according to Nightingale et al. (2000), cw the water 17 

concentrations from the halocarbon underway measurements, catm from the simultaneous  18 

atmospheric measurements and H as the Henry’s law constant to derive the equilibrium 19 

concentration. 20 

              (1) 21 

The gas exchange coefficient usually applied to derive carbon dioxide fluxes was adjusted for 22 

halocarbons using Schmidt number corrections as calculated in Quack and Wallace (2003), 23 

and Henry’s law coefficients as reported for each of the compounds by Moore et al. (1995) 24 

were applied. Wind speed and air pressure were averaged to 10 min intervals for the 25 

calculation of the instantaneous fluxes.   26 

2.5 FLEXPART simulations of tropospheric iodine 27 

The atmospheric transport of the iodocarbons from the oceanic surface into the Marine 28 

Atmospheric Boundary Layer (MABL) was simulated with the Lagrangian particle dispersion 29 

)(
H

c
ckF atm

ww 
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model FLEXPART (Stohl et al., 2005) which has been used extensively in studies of long-1 

range and mesoscale transport (Stohl and Trickl, 1999). FLEXPART is an off-line model 2 

driven by external meteorological fields. It includes parameterizations for moist convection, 3 

turbulence in the boundary layer, dry deposition, scavenging, and the simulation of chemical 4 

decay. We simulate trajectories of a multitude of air parcels describing transport and chemical 5 

decay of the emitted oceanic iodocarbons. For each data point of the observed sea-to-air flux, 6 

100000 air parcels were released over the duration of the M91 cruise from a 0.1° x 0.1° grid 7 

box at the ocean surface centered at the measurement location. We used FLEXPART version 8 

9.2 and the runs are driven by the ECMWF reanalysis product ERA-Interim (Dee et al., 2011) 9 

given at a horizontal resolution of 1° x 1° on 60 model levels. Transport, dispersion and 10 

convection of the air parcels are calculated from the 6-hourly fields of horizontal and vertical 11 

wind, temperature, specific humidity, convective and large scale precipitation and others. The 12 

chemical decay of the iodocarbons was prescribed by their atmospheric lifetime which was set 13 

to 4 days, 9 hours and 10 min for CH3I, CH2ClI, and CH2I2, respectively, according to current 14 

estimates (Jones and Carpenter, 2005; Martino et al., 2006; Carpenter and Reimann, 2014). 15 

After degradation of the iodocarbons, the released iodine was simulated as inorganic iodine 16 

(Iy) tracer with a prescribed lifetime in the marine boundary layer of two days (personal 17 

communication R. von Glasow). Thus we did not include detailed tropospheric iodine 18 

chemistry, explicit removal of HOI, HI, IONO2, and IxOy through scavenging or 19 

heterogeneous recycling of HOI, IONO2, and INO2 on aerosols (Saiz-Lopez et al., 2014). In 20 

order to estimate the uncertainties arising from this simplification, we conducted two 21 

additional simulations, one with a very short lifetime of one day and one with a longer 22 

lifetime of three days. Following model simulations of halogen chemistry for air masses from 23 

different oceanic regions in Sommariva and von Glasow (2012), IO corresponds to 20 % of 24 

the Iy budget in the marine boundary layer on a daytime average. The IO to Iy ratio shows 25 

moderate changes with daytime resulting in highest IO proportion at sunrise (~ 30 %) and 26 

lowest IO proportion around noon (~ 15 %) (see Fig. S6 in Sommariva and von Glasow 27 

(2012)). The ratio shows only very small variations for different air mass origins and thus the 28 

chemical conditions such as ozone and nitrogen species concentrations. Additionally, the ratio 29 

does not change much with altitude within the marine boundary layer. Based on the above 30 

estimates from Sommariva and von Glasow (2012), we used the IO to Iy ratio as a function of 31 

daytime to estimate IO from Iy every 3 hours. Daily averages of the IO abundance were 32 

compared to the MAX-DOAS IO measurements on board described in the next section. 33 
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2.6 MAX-DOAS Measurements of IO 1 

Multi-AXis Diffential Optical Absorption Spectroscopy (MAX-DOAS) (Hönninger, 2002; 2 

Platt and Stutz, 2008) observations were conducted continuously at daytime from November 3 

30 to December 25 2012 in order to quantify tropospheric abundances of IO, BrO, HCHO, 4 

Glyoxal, NO2 and HONO along the cruise track, and for aerosol profiles also of O4. The 5 

MAX-DOAS instrument and the measurement procedure are described in Grossmann et al. 6 

(2013) and Lampel et al. (2015). 7 

The primary quantity derived from MAX-DOAS measurements is the differential slant 8 

column density (dSCD), which represents the difference in path-integrated concentrations 9 

between two measurements in off-axis and zenith direction. From the MAX-DOAS 10 

observations of O4 dSCD aerosol extinction profiles to estimate the quality of visibility were 11 

inferred using an optimal estimation approach described in Frieß et al. (2006) and Yilmaz 12 

(2012) after applying a correction factor of 1.25 to the O4 dSCDs (Clémer et al., 2010). IO 13 

was analyzed in the spectral range from 418 – 438 nm following the settings in Lampel et al. 14 

(2015). IO was found up to 6 times above the detection limit (twice the measurement error).   15 

 16 

3 The tropical East Pacific – general description and state during M91 17 

The tropical East Pacific is characterized by one of the strongest and most productive all-year-18 

prevailing eastern boundary upwelling systems of the world (Bakun and Weeks, 2008). 19 

Temperatures drop to less than 16 °C when cold water from the Humboldt current is 20 

transported to the surface due to Ekman transport caused by strong equatorward winds 21 

(Tomczak and Godfrey, 2005), which is also connected with an upward transport of nutrients 22 

(Chavez et al., 2008). As a consequence of the enhanced nutrient supply and the high solar 23 

insolation, phytoplankton blooms, indicated by high Chl a values, can be observed at the 24 

surface especially in the boreal winter months (Echevin et al., 2008). A strong oxygen 25 

minimum zone (OMZ) is formed due to enhanced primary production, sinking particles and 26 

weak circulation (Karstensen et al., 2008).  27 

Low SSTs of mean (min – max) 19.4 (15.0 – 22.4) °C and high TChl a values of on average 28 

1.80 (0.06 – 12.65) µg L
-1

 (Table 1, Fig. 1) were measured during our cruise. Diatoms were 29 

dominating the TChl a concentration in the surface water with a mean of 1.66 (0.00 – 10.47) 30 

µg Chl a L
-1

, followed by haptophytes (mean: 0.25 µg Chl a L
-1

), chlorophytes (mean: 0.19 31 

µg Chl a L
-1

), cyanobacteria (mean: 0.09 µg Chl a L
-1

), dinoflagellates (mean: 0.08 µg Chl a 32 

L
-1

), cryptophytes (mean: 0.03 µg Chl a L
-1

), and finally chrysophytes (mean: 0.03 µg Chl a 33 
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L
-1

). Diatoms were observed at all stations with concentrations above 0.5 µg Chl a L
-1

 to 1 

contribute more than 50 % of the algal biomass. They correlated very well with TChl a (Table 2 

2) and with cryptophytes, which were elevated in very similar regions. Abundance of these 3 

phytoplankton groups was strongly anticorrelated with SST and SSS, indicating a close 4 

conjunction with the colder and more saline upwelling waters. Nutrients (nitrate, nitrite, 5 

ammonium and phosphate) were also measured during the cruise (see Czeschel et al. (2015) 6 

for further information). A weak anticorrelation of phytoplankton group with the ratio of 7 

dissolved inorganic nitrogen and phosphate (sum of nitrate, nitrite and ammonium divided by 8 

phosphate, DIN:DIP) (Table 2) indicated that diatoms and cryptophytes were more abundant 9 

in aged upwelling, where nutrients were already slightly depleted or used up. The TChl a 10 

maximum was generally found in the surface ocean except for four stations with overall low 11 

TChl a (< 0.5 µg L
-1

) where a subsurface maximum around 30 and 50 m was identified. 12 

All regions with SSTs below the mean of 19.4 °C are considered as upwelling in the 13 

following sections for identifying different significant regions for halocarbon production. 14 

Based on this criterion, four upwelling regions (I – IV) close to the coast were classified (Fig. 15 

1). The most intense upwelling (lowest SSTs, high nutrient concentrations) appeared in the 16 

northernmost region of the cruise track, region I, while higher TChl a and lower nutrients 17 

indicate a fully developed bloom in the southern part of the cruise (upwelling regions III and 18 

IV). Upwelling region II was characterized by a lower DIN:DIP ratio in contrast to region I. 19 

SSS with a mean of 34.95 (34.10 and 35.50) is lowest in upwelling region IV, which is likely 20 

influenced by local river input such as the rivers Pisco, Cañete and Matagente, and may 21 

explain the observed low salinities due to enhanced fresh water input in boreal winter 22 

(Bruland et al., 2005).   23 

 24 

4 Halocarbons in the surface water and depth profiles during M91 25 

4.1 Halocarbon distribution in surface water 26 

Measurements of halocarbons in the tropical East Pacific are very sparse and no data were 27 

available for the Peruvian upwelling system before our campaign. Sea surface concentrations 28 

of CHBr3 with a mean of 6.6 (0.2 – 21.5) and of CH2Br2 of 4.3 (0.2 – 12.7) pmol L
-1 

were 29 

measured during M91 (Table 1, Fig. 2). These values are low in comparison to 44.7 pmol L
-1

 30 

CHBr3 in tropical upwelling systems in the Atlantic, while our measurements of CH2Br2 31 

compare better to these upwelling systems, from which maximum concentrations of 9.4 pmol 32 
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L
-1

 were reported (Quack et al., 2007a; Carpenter et al., 2009; Hepach et al., 2014, 2015). 1 

CHBr3 (0.2– 20.7 pmol L
-1

) and CH2Br2 (0.7 – 6.5 pmol L
-1

) concentrations in the tropical 2 

East Pacific open ocean and Chilean coastal waters during a cruise from Punta Arenas, Chile 3 

to Seattle, USA in April 2010 (Liu et al., 2013) compare well to our data. Some 4 

measurements also exist for the tropical West Pacific with on average 0.5 to 3 times the 5 

CHBr3 and 0.2 to 1 times the CH2Br2 during our cruise with the high average originating from 6 

a campaign close to the coast with macroalgal and anthropogenic sources (Krüger and Quack, 7 

2013; Fuhlbrügge et al., 2015b). CHBr3 and CH2Br2 have been proposed to have similar 8 

sources (Moore et al., 1996; Quack et al., 2007b). However, during our cruise, the correlation 9 

between the two compounds was comparatively weak (rs = 0.56), consistent with the findings 10 

of Liu et al. (2013), who ascribed the weaker correlation of these two compounds to formation 11 

in a common ecosystem rather than to the exact same biological sources. Maxima of CH2Br2 12 

were observed in both upwelling regions III and IV, while CHBr3 was highest in the most 13 

southerly upwelling IV (Fig. 2).  14 

While we found the Peruvian upwelling and the adjacent waters to be only a moderate source 15 

region for bromocarbons, iodocarbons were observed in high concentration of 10.9 (0.4 – 16 

58.1) for CH2ClI, 9.8 (1.1 – 35.4) for CH3I and 7.7 (0.2 – 32.4) pmol L
-1

 for CH2I2 (Table 1, 17 

Fig. 3a). These concentrations identify the Peruvian upwelling as a significant source region 18 

of iodocarbons, especially considering the very short lifetimes of CH2I2 (10 min) and CH2ClI 19 

(9 h) in tropical surface water (Jones and Carpenter, 2005). Hot spots were upwelling regions 20 

III and even more the less fresh upwelling of region IV (Fig. 2 and 3). 21 

The occurrence of CH3I in the tropical oceans (up to 36.5 pmol L
-1

) has previously been 22 

attributed to a predominantly photochemical source (Richter and Wallace, 2004; Jones et al., 23 

2010), explaining its global hot spots in the subtropical gyres and close to the tropical western 24 

boundaries of the continents (Ziska et al., 2013; Stemmler et al., 2014). Previous 25 

measurements in the East Pacific obtained concentrations of up to 21.7 and of up to 8.8 pmol 26 

L
-1

 (Butler et al., 2007), but not directly in the upwelling.  27 

No oceanic observations of CH2ClI and CH2I2 have been published so far for the tropical East 28 

Pacific. Concentrations of CH2ClI of up to 24.5 pmol L
-1

 were measured in the tropical and 29 

subtropical Atlantic ocean (Abrahamsson et al., 2004; Chuck et al., 2005; Jones et al., 2010) 30 

and up to 17.1 pmol L
-1

 for CH2I2 (Jones et al., 2010; Hepach et al., 2015), which is lower but 31 

in the range of our measurements from the Peruvian upwelling. 32 
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Correlations between the compounds indicate similar sources for all measured halocarbons, 1 

except for CH2Br2, with upwelling region IV as hot spot area (Fig. 2). The strongest 2 

correlation was found for CH3I with CH2ClI (rs = 0.83). CH2I2 and CH2ClI are often found to 3 

correlate very well with each other (Tokarczyk and Moore, 1994; Moore et al., 1996; Archer 4 

et al., 2007), mostly attributed to the formation of CH2ClI during photolysis of CH2I2. In 5 

comparison, the weaker correlation between CH2ClI and CH2I2 (rs = 0.59) during our cruise 6 

may be the result of additional sources for CH2ClI (see also section 5).   7 

4.2 Halocarbon distribution in depth profiles 8 

Depth profiles of halocarbons reveal maxima at the surface and around the Chl a maximum, 9 

usually attributed to biological production of these compounds. CHBr3 and CH2Br2 profiles 10 

(not shown) showed distinct maxima in the deeper Chl a maximum during large part of the 11 

cruise, while some profiles were characterized by elevated concentrations in the surface 12 

usually associated with upwelling water. Both kinds of profiles are consistent with previous 13 

studies finding maxima in the deeper water column in the open ocean and surface maxima in 14 

upwelling regions (Yamamoto et al., 2001; Quack et al., 2004; Hepach et al., 2015). During 15 

the northern part of M91 (upwelling III), CH2Br2 in the water column was more elevated than 16 

CHBr3, while during the remaining part of the cruise, CHBr3 was usually higher. 17 

Though most of the stations were characterized by subsurface maxima of iodocarbons, which 18 

were mostly located between 10 and 50 m (see example in Fig. 4, upper panel), surface 19 

maxima were often observed in upwelling region IV (see example in Fig. 4, lower panel), the 20 

region with highest iodocarbon concentrations. Profiles with surface maxima were generally 21 

characterized by much higher concentrations of these compounds. Similarly to very low 22 

CH2I2 concentrations in the surface in the northern part of the measurements, it was also 23 

hardly detected in the deeper water in this region (Fig. 4, upper panel). Surface maxima in 24 

depth profiles of CH3I and CH2ClI were connected to surface maxima of several 25 

phytoplankton species, mainly diatoms (rs = 0.57 and 0.62). Direct and indirect biological and 26 

photochemical formation account as possible sources for these maxima. CH2I2 was usually 27 

strongly depleted in the surface in contrast to the deeper layers due to its rapid photolysis, 28 

which may also have been a source for surface CH2ClI. Subsurface maxima occurred both 29 

below and within the mixed layer (see the example in Fig. 4d indicated by the temperature-, 30 

salinity- and density profiles). Maxima in the mixed layer probably appear because of very 31 

fast production (Hepach et al., 2015), while maxima below the mixed layer are supported by 32 

accumulation due to reduced mixing.  33 
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All five halocarbons were strongly depleted in waters below 50 m. These deeper layers were 1 

also characterized by very low oxygen values, known as strong OMZ below the biologically 2 

active layers (Karstensen et al., 2008). A possible reason for the strong depletion of the 3 

halocarbons is their bacterial mediated reductive dehalogenation occurring under anaerobic 4 

conditions (Bouwer et al., 1981; Tanhua et al., 1996).  5 

  6 

5 Relationship of surface halocarbons to environmental parameters 7 

Physical and chemical parameters as well as biological proxies such as TChl a and 8 

phytoplankton group composition were investigated using correlation analysis in order to 9 

investigate marine sources of halocarbons.   10 

5.1 Potential bromocarbon sources 11 

Bromocarbons were weakly, but significantly anticorrelated with SSS and SST (rs between -12 

0.29 and -0.57), indicating sources in the upwelled water (Table 2). They showed a positive 13 

correlation with diatoms (rs = 0.58 for both compounds), the dominant phytoplankton group in 14 

the region. Diatoms have already been found to be involved in bromocarbon production in 15 

several laboratory and field studies (Tokarczyk and Moore, 1994; Moore et al., 1996; Quack 16 

et al., 2007b; Hughes et al., 2013). Thus, these findings are in agreement with current 17 

assumptions that diatoms may contribute directly or indirectly to bromocarbon production. 18 

During M91, CH2Br2 was more abundant in cooler, nutrient-rich water than CHBr3, leading to 19 

a stronger correlation with TChl a and SST, indicating an additional source associated with 20 

fresh upwelling. No significant correlations were found for bromocarbons with 21 

polysaccharidic DOM (Table 3), implying that DOM components analyzed during the cruise 22 

were not involved in bromocarbon production, at least not in the upper water column.  23 

5.2 Iodinated compounds and phyotplankton 24 

In general, the iodocarbons correlated stronger with biological parameters than the 25 

bromocarbons. Diatoms were found to correlate very strongly with all three iodocarbons (rs = 26 

0.73 with CH3I, rs = 0.79 with CH2ClI and rs = 0.72).  Weak but significant anticorrelations 27 

with DIN:DIP and SST suggest that iodocarbons were associated with cool and slightly DIN 28 

depleted water. The occurrence of large amounts of iodocarbons seemed to be associated with 29 

an established diatom bloom. The production of CH3I, CH2ClI and CH2I2 by a number of 30 

diatom species has been observed in several studies before (Moore et al., 1996; Manley and 31 
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de la Cuesta, 1997), consistent with our findings. The very high correlation of cryptophytes 1 

with iodocarbons was likely based on the co-occurrence of these species with diatoms (Table 2 

2 and description in section 3).   3 

5.3 Iodinated compounds and DOM 4 

Correlations of the three iodinated compounds to polysaccharidic DOM components in 5 

subsurface water revealed a strong relationship of the iodocarbon abundance with 6 

polysaccharides and in particular uronic acids (Table 3). CH3I and CH2ClI showed strong 7 

correlations with particulate uronic acids (both rs = 0.84), total uronic acids (rs = 0.83 and 8 

0.88) and dissolved polysaccharides (rs = 0.82 and 0.90). The correlations of CH2I2 with 9 

polysaccharides were less strong, but significant (rs = 0.68 with particulate, rs = 0.66 with total 10 

and rs = 0.55 with dissolved). The above listed DOM components were also significantly 11 

correlated to diatoms (rs = 0.68 with polysaccharides and rs = 0.75 with uronic acids), which 12 

were a potential source for the accumulated organic matter in the subsurface. The exact 13 

composition of surface water DOM is determined by the phytoplankton species producing the 14 

DOM. Polysaccharides with uronic acids as an important constituent have for example been 15 

shown to contribute largely to the DOM pool in a diatom rich region (Engel et al., 2012). 16 

Hill and Manley (2009) tested several diatom species for their production of halocarbons in a 17 

laboratory study, and suggested that a major formation pathway for polyhalogenated 18 

compounds may actually not be from direct algal production, but rather indirectly through 19 

their release of hypoiodous (HOI) and hypobromous acid (HOBr), which then react with the 20 

present DOM (Liu et al., 2015). The formation of HOI and HOBr within the algae is 21 

enzymatic with possible chloroperoxidase (CPO), BPO and iodoperoxidase (IPO) 22 

involvement. While CPO and BPO may produce both HOBr and HOI, IPO only leads to HOI. 23 

Moore et al. (1996) suggested that the occurrence of BPO and IPO in the phytoplankton cells 24 

may be highly species dependent. This leads to the assumption that diatoms abundant in the 25 

Peruvian upwelling contained more IPO than BPO, which could explain the higher abundance 26 

of iodocarbons relative to bromocarbons during M91. 27 

The formation of CH3I through DOM may be different than the production of CH2ClI and 28 

CH2I2. While CH2I2 is suggested to be formed via haloform-type reactions (Carpenter et al., 29 

2005), CH3I is produced using a methyl-radical source (White, 1982). The relationship of 30 

CH3I with DOM can be the result of both photochemical and biological production pathways: 31 

DOM, which was observed in high concentrations in the biologically productive waters, can 32 
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act as the methyl-radical source during photochemical production of CH3I (Bell et al., 2002). 1 

A second possible biological pathway of methyl iodide production takes place via bacteria 2 

and micro algae, which can utilize methyl transferases in their cells. HOI plays a significant 3 

role in this production pathway by providing the iodine to the methyl group (Yokouchi et al., 4 

2014).  5 

In conclusion, the Peruvian upwelling was a strong source for the iodocarbons CH3I, CH2ClI 6 

and CH2I2, and a weaker source for the bromocarbons CHBr3 and CH2Br2. We propose a 7 

formation mechanism for this region as described in Fig. 5 based on measurements of short-8 

lived halocarbons and biological parameters during M91. Diatoms, which can contain the 9 

necessary enzymes for halocarbon formation, were identified as important source based on 10 

their strong correlations with the bromo- and iodocarbons and with polysaccharidic DOM. 11 

The very good correlations of iodocarbons with polysaccharides and uronic acids are a hint 12 

that these DOM components may have been important substrates for iodocarbon production 13 

potentially produced from the present diatoms. The higher iodocarbon concentrations can 14 

likely be explained by phytoplankton species containing more IPO than BPO, leading to a 15 

stronger production of iodocarbons. Additionally, the particular type of DOM may also have 16 

regulated the production of specific halocarbons (Liu et al., 2015), in this case CH3I, CH2ClI 17 

and CH2I2.  18 

One interesting feature of our analysis is the fact that CH2I2 when compared to the other two 19 

iodocarbons showed weaker correlations with the polysaccharides possibly due to its shorter 20 

surface water lifetime. Moreover, CH2I2 and CH2ClI showed weaker correlations in the 21 

Peruvian upwelling than during other cruises in the tropical Atlantic, namely MSM18/3 22 

(Hepach et al., 2015) and DRIVE (Hepach et al., 2014). Combining the two arguments of a 23 

short CH2I2 lifetime and only a weak correlation between CH2I2 and CH2ClI, this may 24 

indicate an additional source for CH2ClI similar to CH3I, explaining why CH3I and CH2ClI 25 

correlate much better with each other than with CH2I2. 26 

 27 

6 From the ocean to the atmosphere 28 

6.1 Sea-to-air fluxes of iodocarbons 29 

Due to high oceanic iodocarbon concentrations measured in sea surface water of the Peruvian 30 

upwelling and despite the moderate prevailing wind speeds of 6.17 (0.42 – 15.47) m s
-1

, high 31 

iodocarbon sea-to-air fluxes were calculated in contrast to the rather low bromocarbon 32 
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emissions during this M91 cruise (Fuhlbrügge et al., 2015a). The highest average fluxes of the 1 

three iodocarbons of 954 (21 – 4686) were calculated for CH3I, followed by 834 (-24 – 5652) 2 

for CH2ClI, and finally 504 (-126 – 2546) pmol m
-2

 h
-1

 for CH2I2 (Table 1). These were on 3 

average 4 to 7 times higher than CHBr3 and 2 to 4 times higher than the CH2Br2 sea-to-air 4 

fluxes during the cruise.  5 

Our estimated fluxes of CH3I are in the range of emissions calculated for the tropical and 6 

subtropical Atlantic of 625 to 2154 pmol m
-2

 h
-1

 (Chuck et al., 2005; Jones et al., 2010). 7 

Moore and Groszko (1999), who performed a study between 40° N and 40° S close to our 8 

investigation region but not covering the Peruvian upwelling, calculated on average 666 pmol 9 

m
-2

 h
-1

, which is 0.7 times our flux. Sea-to-air fluxes of CH2ClI from the same studies were 10 

reported to range on average between 250 and 1138 pmol m
-2

 h
-1

 with the largest fluxes 11 

originating from the Mauritanian upwelling region. These are 0.3 to 1.4 times the fluxes we 12 

calculated, showing that the Peruvian upwelling region is at the top end of oceanic CH2ClI 13 

emissions. We are only aware of two studies focusing on emissions of CH2I2 from the 14 

Atlantic tropical ocean (Jones et al., 2010; Hepach et al., 2015) which are on average 0.2, 15 

respectively 1.4 times the fluxes from the tropical East Pacific. The larger sea-to-air fluxes 16 

reported in Hepach et al. (2015) from the equatorial Atlantic cold tongue are mainly a result 17 

of much lower atmospheric mixing ratios there, increasing the concentration gradient, and 18 

additionally higher wind speeds, increasing the exchange coefficient kw.  19 

Summarizing this section, the large production of iodocarbons in the Peruvian upwelling led 20 

to enhanced emissions of these compounds to the troposphere despite very low wind speeds. 21 

An additional factor influencing halocarbon emissions is the low height and insolation of the 22 

MABL, where halocarbons accumulate above the air-sea interface. The large sea-to-air fluxes 23 

and low wind speeds should result in high tropospheric iodocarbons, which was indeed 24 

observed and is discussed in the following section. 25 

6.2 Atmospheric iodocarbons 26 

Atmospheric mixing ratios of the three iodocarbons were elevated during M91 with up to 3.2 27 

ppt for CH3I, up to 2.5 ppt for CH2ClI and up to 3.3 ppt for CH2I2 (Table 1), likely a result of 28 

the strong production and emissions of these compounds.  29 

CH3I data were generally elevated in comparison to other eastern Pacific measurements of up 30 

to 2.1 ppt CH3I (Butler et al., 2007), but lower than in the tropical central and East Atlantic 31 

around the equator, characterized by higher atmospheric CH3I of over 5 ppt (Ziska et al., 32 
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2013). Both CH2ClI and CH2I2 were also elevated in comparison to previous oceanic 1 

measurements, where e.g. 0.01 to 0.99 ppt CH2ClI were measured for remote locations in the 2 

Atlantic and Pacific (Chuck et al., 2005; Varner et al., 2008) and only up to 0.07 ppt were 3 

reported for CH2I2 at a remote site in the Pacific (Yokouchi et al., 2011). Coastal areas with 4 

high macroalgal abundance were characterized by high CH2ClI of up to 3.4 ppt (Varner et al., 5 

2008) and up to 3.1 ppt CH2I2 (Carpenter et al., 1999; Peters et al., 2005), while 19.8 ppt 6 

(Peters et al., 2005) were measured at Mace Head, Ireland and Lilia, Brittany in the North 7 

Atlantic.  8 

The different atmospheric lifetimes of the three iodocarbons, ranging between 4 d (CH3I), 9 h 9 

(CH2ClI) and 10 min (CH2I2) (Carpenter and Reimann, 2014), partly explain the observed 10 

differences in their distributions. Although atmospheric CH3I was generally elevated in 11 

regions of high oceanic CH3I (Fig. 3) in upwelling regions III and IV, the atmospheric and 12 

oceanic data did not show a significant correlation. The CH3I lifetime of several days allows 13 

atmospheric CH3I to mix within the MABL, possibly masking a correlation between local 14 

source regions and elevated mixing ratios.  15 

The two shorter-lived iodinated compounds CH2ClI and CH2I2 generally showed a stronger 16 

influence of local marine sources. Both species correlate significantly with their oceanic 17 

concentrations with rs = 0.60 (CH2ClI) and rs = 0.64 (CH2I2). Oceanic CH2ClI and CH2I2 were 18 

emitted into the boundary layer where they could accumulate during night (see comparison 19 

with global radiation in Fig. 3b), and were rapidly degraded during day time via photolysis, 20 

which is their main sink in the troposphere (Carpenter and Reimann, 2014). Moderate average 21 

wind speeds in the upwelling regions (Fig. 6) and stable atmospheric boundary layer 22 

conditions (Fuhlbrügge et al., 2015a) supported the accumulation of these compounds.  23 

The Peruvian upwelling was in general characterized by elevated atmospheric iodocarbons as 24 

a result of their large sea-to-air fluxes caused by strong biological production. The upwelling 25 

could sustain elevated atmospheric levels of e.g. CH3I, could trap iodocarbons and their 26 

degradation products in a stable MABL, and may have therefore contributed significantly to 27 

the tropospheric inorganic iodine budget, which is discussed in the following. 28 

6.3 Contributions to tropospheric iodine 29 

After their emission from the ocean and their chemical degradation in the marine boundary 30 

layer, iodocarbons contribute to the atmospheric inorganic iodine budget, Iy. The importance 31 

of this contribution compared to abiotic sources is currently under debate and analyzed for 32 
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various oceanic environments (Mahajan et al., 2010; Grossmann et al., 2013; Prados-Roman 1 

et al., 2015). So far, no correlations of IO with the organic iodine precursor species have been 2 

observed (Grossmann et al., 2013) and correlations between IO and Chl a were often found to 3 

be negative (Mahajan et al., 2012; Gómez Martín et al., 2013). Chemical modelling studies, 4 

undertaken to explain the contributions of organic and inorganic oceanic iodine sources, 5 

simulated that only a small fraction of the atmospheric IO stems from the organic precursors 6 

with estimates of about 25 % on a global average (Prados-Roman et al., 2015). Both 7 

arguments, the missing correlations and the small contributions, indicate that the organic 8 

source gas emissions play a minor role for the atmospheric iodine budget. Given the special 9 

conditions of the Peruvian upwelling with cold nutrient rich waters, the strong iodocarbon 10 

sources and a stable MABL and trade inversion, it is of interest to analyze the local 11 

contributions to the atmosphere in this region and to compare with estimates from other 12 

oceanic environments.  13 

We focus our analysis on the section of the cruise where MAX-DOAS measurements of IO 14 

and simultaneous iodocarbon measurements in the surface water and atmosphere were made 15 

(roughly south of 10° S). Tropospheric VCDs of IO in the range of 2.5 – 6.0 ×10
12

 molec cm
-2

 16 

were inferred from the MAX-DOAS measurements. Similar VCDs of IO were reported by 17 

Schönhardt et al. (2008) based on remote satellite measurements from SCIAMACHY. 18 

Volume mixing ratios of IO along the cruise track (Fig. 7a) derived from the MAX-DOAS 19 

measurements show a pronounced variability and maxima close to upwelling regions II and 20 

IV. Daytime averaged IO volume mixing ratios are displayed in Fig. 7b and range between 21 

0.8 ppt (on December 12 and December 22) and 1.5 ppt (on December 26). Overall the 22 

daytime IO abundance in the MABL above the Peruvian upwelling was relatively high 23 

compared to measurements from the nearby Galapagos islands (~ 0.4 ppt) (Gómez Martín et 24 

al., 2013) and  from other tropical oceans such as the Malaspina 2010 circumnavigation (0.4 – 25 

1 ppt) (Prados-Roman et al., 2015). Other measurement campaigns such as the Cape Verde 26 

measurements (Read et al., 2008) or the TransBrom Sonne in the West Pacific (Grossmann et 27 

al., 2013) found similar IO mixing ratios with values above 1 ppt, but significantly lower IO 28 

VCDs in case of the latter.  29 

The M91 cruise track crisscrossed the waters between the coast and 200 km offshore multiple 30 

times, providing a comprehensive set of measurements over a confined area (see Fig. 7a) and 31 

allowing us to analyze the relation between IO and organic precursors. Assuming constant 32 

emissions over the cruise period we can link the oceanic sources with atmospheric IO 33 

observations at locations reached after hours to days of atmospheric transport. Therefore, we 34 
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released FLEXPART trajectories from all sea surface measurement locations continuously 1 

over the whole measurement time period from December 8 to December 26 loaded with the 2 

oceanic organic iodine as prescribed by the observed iodocarbon emissions. Based on the 3 

simulations of transport and chemical decay described in Section 2.5, we derived organic and 4 

inorganic iodine mixing ratios individually for each air parcel. Mixing with air parcels 5 

impacted by other source regions was not taken into account. FLEXPART-based IO 6 

originating from organic precursors was derived as mean values over all air parcels in the 7 

MABL coinciding with the MAX-DOAS measurement locations within an area of 5 km x 5 8 

km. Simplifying assumptions of a prescribed inorganic iodine lifetime (2 days) and IO to Iy 9 

ratio (0.15 to 0.3) were made to derive the IO mixing ratios. Uncertainties were estimated 10 

based on additional runs with varying atmospheric lifetime of inorganic iodine (1 – 3 days).     11 

For the first part of the cruise from December 8 to December 18, FLEXPART-derived IO 12 

mixing ratio estimates at the MAX-DOAS measurement locations (red line in Fig. 7b and c) 13 

explain between 40 and 70 % (55 % on average) of the measured IO assuming a  lifetime for 14 

inorganic iodine of 2 days. As a consequence, about 0.5 ppt of IO is expected to originate 15 

from other, likely inorganic, iodine sources. For the scenario of a shorter Iy lifetime (one day), 16 

we find that the organic sources explain about 30 % of the IO and for a relatively long 17 

lifetime (three days), 80 % can be explained. In general, the air masses were transported along 18 

the coast in northwest direction and organic sources contribute to the IO budget along this 19 

transport path. Most of the IO results from CH2ClI (Fig. 7c) which was transported some 20 

hours northwestwards (lifetime of 9 hours) before contributing to the atmospheric inorganic 21 

iodine budget.  22 

For the second part of the cruise from December 19 to December 26, the amount of IO 23 

estimated from organic precursors was much smaller and often close to zero. This very small 24 

organic contribution was caused by two facts. First, the instantaneous sources during the last 25 

part of the cruise were much smaller (Fig. 6b – d) and second, further southward situated 26 

sources, which also influence the iodine abundance in the cruise track region were not 27 

analyzed and thus not included in the simulations. Because of missing information on the 28 

source strength and distribution southwards of the cruise track, a proper comparison is only 29 

possible for the first part of the cruise before December 19. However, given that the MAX-30 

DOAS measurements of IO remained relatively high during the second part of the cruise, it is 31 

likely that additional significant organic iodine sources existed further southwards. This 32 

assumption is also supported by the fact that atmospheric CH3I mixing ratios remained 33 

relatively high during the second part of the cruise (50 % compared to the earlier part, see Fig. 34 
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3b) while the water concentrations were close to zero. Consequently, a source region of CH3I 1 

must have existed further southwards contributing to the observed mixing ratios of CH3I and 2 

IO after some hours to days of atmospheric transport.    3 

While the contribution of organic iodine to IO during the first part of the cruise is 4 

considerably higher than found in other regions, the amount of inorganic iodine precursors of 5 

0.5 ppt necessary to explain total IO is very similar to the one derived in other studies 6 

(Prados-Roman et al., 2015). The higher organic contribution was consistent with the fact that 7 

there was an overall higher IO abundance compared to most other campaigns. Instantaneous 8 

IO and organic source gas emissions during M91 were not directly correlated. However, 9 

taking the transport within the first hours and days into account enables us to explain a 10 

considerable part of the atmospheric IO variations with the variability of the oceanic organic 11 

sources (Fig. 7b). Overall, we conclude that for the Peruvian upwelling region with special 12 

conditions in the ocean and atmosphere, higher iodocarbon sources lead to larger IO 13 

abundances while the absolute inorganic contribution is similar to other regions. 14 

 15 

7 Conclusions 16 

The Peruvian upwelling at the west coast of South America was characterized for halocarbons 17 

for the first time during the M91 cruise. We measured moderate concentrations of the 18 

bromocarbons CHBr3 and CH2Br2, while we observed exceptionally high concentrations of 19 

the iodocarbons CH3I, CH2ClI and CH2I2 in the surface seawater. 20 

CHBr3 and CH2Br2 were significantly correlated with TChl a and diatoms, suggesting 21 

biological formation of these compounds. Higher correlations of diatoms were found with the 22 

three iodocarbons, and even stronger correlations of the iodocarbons with the DOM 23 

components polysaccharides and uronic acids were observed. The polyhalogenated 24 

compounds CH2ClI and CH2I2 were potentially formed via these DOM components with the 25 

likely involvement of diatoms. CH3I may have been formed via photochemistry from the 26 

large pool of observed DOM and/or biologically via methyl transferases in micro algae and 27 

bacteria. The production of iodocarbons from DOM via the proposed mechanisms seems to 28 

have exceeded the bromocarbon production in the region in contrast to several previous 29 

studies in tropical Atlantic upwelling regions (Hepach et al., 2014, 2015). 30 

Depth profiles showed subsurface maxima, common in the open ocean, and very pronounced 31 

and elevated surface maxima in regions of highest underway iodocarbon concentrations. The 32 
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surface water was always depleted in CH2I2 with respect to the underlying water column due 1 

to its very rapid photolysis. The OMZ at depth was strongly depleted in all five measured 2 

halocarbons, suggesting an effective sink in the oxygen depleted waters. 3 

The high oceanic iodocarbon concentrations and elevated emissions also led to elevated 4 

atmospheric mixing ratios in the marine boundary layer. Atmospheric CH2ClI and CH2I2 5 

showed clear diurnal cycles, accumulating during night and decreasing rapidly during day 6 

time. Despite previous suggestions that the tropospheric iodine loading is mainly a product 7 

from direct emission of HOI and I2, we calculated important contributions of iodocarbons to 8 

the observed IO levels. Using FLEXPART, we estimated a contribution of combined 9 

iodocarbon fluxes to IO of 30 to 80 % assuming an inorganic iodine lifetime between 1 and 3 10 

days. This contribution of organoiodine is much higher than previously assumed (Prados-11 

Roman et al., 2015), suggesting that iodocarbons therefore may contribute significantly to 12 

tropospheric iodine levels in regions of strong iodocarbon production mediated by 13 

phytoplankton (diatoms) and bacteria.  14 

Our observations reveal several uncertainties which need to be addressed in the future to 15 

better constrain the halocarbon budget and understand its role in a changing climate. Further 16 

studies of upwelling regions need to be performed in different seasons and years, since these 17 

regions are impacted by synoptic and climatic conditions, which are expected to have an 18 

impact on the strength of halocarbon emissions. A regular monitoring and better knowledge 19 

of halocarbon sources and emissions is severely needed, since these have numerous 20 

implications for atmospheric processes such as ozone chemistry and aerosol formation, which 21 

have been investigated in several atmospheric modeling studies. These studies have mostly 22 

applied Chl a as proxy for halocarbon emissions. However, the potential involvement of 23 

DOM in the production of both iodo- and bromocarbons and the often weak correlation to Chl 24 

a in the field raises the question whether Chl a is a suitable parameter to estimate halocarbon 25 

concentrations. Laboratory studies are therefore crucial to help identifying more adequate 26 

parameters for predicting halocarbons in the ocean. Associated with the involvement of DOM 27 

in iodocarbon production is the occurrence of the relevant DOM components in large 28 

concentrations in the sea surface microlayer (SML) (Engel and Galgani, 2015). The SML has 29 

been shown to cover a wide range of oceanic regions (Wurl et al., 2011), which could 30 

represent a significant additional source to atmospheric iodocarbons. The potential of the 31 

SML to produce CH2I2 has been previously suggested by Martino et al. (2009), who proposed 32 

that HOI converted from iodide in the SML may react with the present DOM, which may 33 

apply to CH2ClI and CH3I as well. Furthermore, the SML is in direct contact to the 34 
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atmosphere, and the direct exposure to light may enhance halocarbon emissions (see also Fig. 1 

5). The influence of these halocarbon emissions on the tropospheric halogen loading is still 2 

very much under debate, and our results underline the importance to constrain the actual 3 

contribution of these compounds to tropospheric halogen chemistry. 4 
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Tables 1 

Table 1. Environmental parameters, as well as halocarbons in water, air and sea-to-air fluxes 2 

during the cruise. Means of sea surface temperature (SST), sea surface salinity (SSS) and 3 

wind speed are for 10-min-averages. 4 

Parameter 
 

Unit 
Mean  

(min - max) 

SST 
 

°C 
19.4 

 (15.0 - 22.4) 

SSS 
  

34.95  

(34.10 - 35.50) 

TChl a 
 

µg L
-1

 
1.80  

(0.06 - 12.65) 

Wind speed 
 

m s
-1

 
6.17  

(0.42 - 15.47) 

CHBr3 

Water pmol L
-1

 
6.6  

(0.2 - 21.5) 

Air ppt 
2.9  

(1.5 - 5.9) 

Sea-to-air flux pmol m
-2

 h
-1

 
130  

(-550 - 2201) 

CH2Br2 

Water pmol L
-1

 
4.3  

(0.2 - 12.7) 

Air ppt 
1.3  

(0.8 - 2.0) 

Sea-to-air flux pmol m
-2

 h
-1

 
273  

(-128 - 1321) 

CH3I 

Water pmol L
-1

 
9.8  

(1.1 - 35.4) 

Air ppt 
1.5  

(0.6 - 3.2) 

Sea-to-air flux pmol m
-2

 h
-1

 
954  

(21 - 4686) 

CH2ClI Water pmol L
-1

 
10.9  

(0.4 - 58.1) 
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Air ppt 
0.4  

(0 - 2.5) 

Sea-to-air flux pmol m
-2

 h
-1

 
834  

(-28 - 5652) 

CH2I2 

Water pmol L
-1

 
7.7  

(0.2 - 32.4) 

Air ppt 
0.2  

(0 - 3.3) 

Sea-to-air flux pmol m
-2

 h
-1

 
504  

(-126 - 2546) 
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Table 3. Correlations of halocarbons with combined high molecular weight (HMW) 1 

carbohydrates (CCHO) and uronic acids (URA) from subsurface samples (T – total, d – 2 

dissolved, P – particulate) with a sample number of 29 for each variable. 3 

 
CHBr3 CH2Br2 CH3I CH2ClI CH2I2 

TCCHO  0.15 0.28 0.78 0.82 0.66 

dCCHO 0.39 0.48 0.82 0.90 0.55 

PCCHO  -0.06 -0.10 0.61 0.64 0.68 

TURA  0.31 0.34 0.83 0.88 0.52 

dURA  -0.18 0.42 0.48 0.79 0.50 

PURA  0.37 0.22 0.84 0.84 0.54 

 4 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 
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Figures 1 

 2 

Fig. 1. Ambient parameters during the M91 cruise: SST (dark red) and sea surface salinity 3 

(SSS) (black) in a) with the dashed line as the mean SST. Nutrients (purple is nitrate – NO3
-
, 4 

yellow is phosphate – PO4
3-

, black is silicate – SiO2, light cyan is ammonium – NH4
+
) with 5 

the N to P ratio (dark blue dashed line) are shown in b). Total chlorophyll a (TChl a) is shown 6 

in the map in c). The light blue shaded areas stand for the regions where SST is below the 7 

mean, indicating upwelling of cold water. 8 

 9 
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Fig. 2. Halocarbon surface water measurements are shown in a) and b) for the bromocarbons 1 

(note the colorbar oin the upper panel) with a – CHBr3 and b – CH2Br2. Iodocarbons can be 2 

found in c) – e) (note the colorbar in the lower panel) with c – CH3I, d – CH2ClI and e – 3 

CH2I2. 4 

 5 

 6 

Fig. 3. Surface water measurements of iodocarbons are presented in a) with CH3I in red, 7 

CH2ClI in blue and CH2I2 in black on the left side along with SST (dark red) on the right side. 8 

Additionally, atmospheric mixing ratios of CH3I (red), CH2ClI (blue) and CH2I2 (grey) on the 9 

left side together with global radiation (black) on the right side are depicted in b). Note that all 10 

times are in UTC. 11 

 12 
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 1 

Fig. 4. A cruise map including all CTD stations and SST is shown in a), while selected depth 2 

profiles of iodocarbons can be seen in a) – b), together with ambient parameters such as 3 

potential density (cyan), oxygen (dark blue), salinity (black) and temperature (dark red) in d) 4 

– e), as well as phytoplankton groups (cryptophytes and diatoms), total chlorophyll a and 5 

fluorescence in f) – g). CH2I2 was undetectable at the first station (see also consistence with 6 

surface data). 7 

 8 
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 31 

 1 

Fig. 5. Proposed mechanisms for formation of iodocarbons – release of HOI with the help 2 

ofvia iodoperoxiases ( IPO) and reaction with DOM (dissolved organic matter ( DOM ) via 3 

iodine binding to DOM (DOM-I) to form CH2ClI and CH2I2. CH3I formation via 4 

photochemistry and/or biological formation via methyltransferases. The box indicates 5 

potential formation of halocarbons from DOM in the sea surface microlayer SML. 6 

 7 
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 1 

Fig. 6. The concentration gradient of CH3I, CH2ClI and CH2I2 along with wind speed (grey) is 2 

shown in a), while the sea-to-air flux is depicted in b) for CH3I, c) for CH2ClI and d) for 3 

CH2I2. Note the color bar on the right. 4 

 5 

 6 

Fig. 7. MAX-DOAS measurements of IO during the M91 campaign along the cruise track are 7 

shown a). Daytime averaged IO values from MAX-DOAS and coincident FLEXPART values 8 

are provided in b). The vertical bars correspond to uncertainties associated with the inorganic 9 

iodine lifetime in the MABL (1 – 3 days) and the daytime fraction of IO to Iy (0.15 to 0.3). 10 
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Contributions of the three oceanic iodocarbon sources to the modelled FLEXPART IO are 1 

also given in c). 2 

 3 

 4 

 5 

 6 

7 
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4. Synthesis and Outlook 
 

This thesis investigated the influences of source regions, marine emissions and meteorological 

conditions on atmospheric VSLS, in particular bromoform, dibromomethane and methyl iodide. For 

this, ship-based observations and transport modelling were employed in the six adjacent 

manuscripts. The research area covered the tropical and subtropical Northeast Atlantic and the 

tropical West and Southeast Pacific including ocean upwelling, coastal areas and open ocean 

regimes. The following questions were addressed in this thesis and are summarized in the following 

synthesis: 

1. What are the sources for elevated atmospheric VSLS in oceanic upwelling regimes? 

Two different oceanic upwelling regimes along Mauritania and Peru were investigated and identified 

to be important natural source regions for atmospheric VSLS. High oceanic concentrations led to 

elevated oceanic emissions and atmospheric mixing ratios of bromoform, dibromomethane and 

methyl iodide. Previous studies showed that the atmospheric mixing ratios were too high to be 

explained only by oceanic emissions and revealed the need for an additional VSLS source. This source 

 

Figure 4-1: Schematic scheme for the tropics: Oceanic emissions from oceanic upwelling regions are 

trapped below the MABL and trade inversion. Once the concentration gradient between the MABL 

and the surface water decreases, the oceanic emissions decrease as well. In contrast within 

convective regions, surface air masses are transported rapidly to the free and upper troposphere and 

can therefore lead to lower VSLS concentrations in the MABL. 
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was not found by the investigations of this thesis; however, the results showed that atmospheric 

conditions, in addition to elevated oceanic emissions, strongly contributed to elevated atmospheric 

VSLS mixing ratios. In particular, a stable MABL together with a trade inversion was identified to play 

an important role for VSLS in the lowermost atmosphere above oceanic upwelling regions in the 

tropics. 

2. How do meteorological conditions influence atmospheric VSLS? 

Oceanic VSLS that are emitted into the atmosphere are first mixed within the MABL. The intensity of 

their distribution to the free troposphere was identified to depend strongly on the oceanic and 

atmospheric regimes. Above oceanic upwelling intense atmospheric surface inversions caused by 

warm and moist air flow above cold upwelling water can, in case of low wind speeds, lead to a very 

stable, low and isolated MABL with suppressed vertical mixing. In this case, the surface air masses 

are trapped at the ground and are strongly enriched by oceanic VSLS emissions. The trade inversions 

(at ~1 km height) above oceanic upwelling regions were identified as an additional vertical transport 

barrier for the VSLS in this thesis. In particular along the Peruvian coast, the meteorological and 

geographical conditions led to a predominantly meridional flow of VSLS enriched surface air masses 

below the trade inversion. The suppressed mixing was also reflected in elevated atmospheric 

humidity, which shows a significant anti-correlation at the surface to the MABL height and a strong 

decrease in the vertical profiles at the height of the trade inversion. In contrast, tropical open ocean 

regions with high sea surface temperatures (SSTs) as was observed in the South China and Sulu Seas 

during early winter monsoon conditions benefit a convective, instable, well ventilated MABL with 

pronounced vertical air mass transport through it, which was reflected by elevated humidity in the 

free troposphere. The convective conditions distributed the VSLS emissions rapidly within the MABL 

and the free troposphere and transported them even to the upper troposphere. Thus, surface VSLS 

observations in these regions revealed low atmospheric mixing ratios despite elevated oceanic 

emissions. 

3. Which factors influence the spatial and temporal variability of VSLS emissions and 

atmospheric concentrations? 

This thesis revealed that different oceanic and atmospheric regimes lead to a strong regional 

variability of VSLS emissions and atmospheric mixing ratios. Geographical conditions, like the Andes 

as a zonal wind barrier, or the Sahara desert as heat provider, shape the atmospheric and oceanic 

regimes and their interaction. Observations of VSLS emissions and atmospheric concentrations 

revealed spatial variations between open ocean, coastal and oceanic upwelling regimes in the 

tropical and subtropical oceans with highest emissions in the South China and Sulu Seas and highest 
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atmospheric concentrations above the Mauritanian upwelling. Diurnal variations of VSLS emissions 

and atmospheric abundances were observed in all oceanic regimes. These variations were mainly 

influenced by variations in oceanic concentrations, wind speed, height and stability of the MABL and 

wind direction, e.g. due to sea-breezes. The wind speed, MABL height and lower atmospheric 

stability affect the atmospheric mixing ratios which in return affect the oceanic emissions through 

the influence on the concentration gradient between sea water and atmosphere. 

 

Outlook 

The findings of this thesis are based on new observations and estimates, which show that the 

characteristic of the MABL in combination with oceanic emissions and coastal sources regulate the 

halogen budget of the atmosphere. The result, that different oceanic, atmospheric and geographical 

regimes lead to varying VSLS emissions and atmospheric abundances opens additional questions and 

directs future research needs. A consolidation of the findings, e.g. the contribution of oceanic 

emissions to the atmospheric budgets can only be achieved by filling the large spatial and temporal 

data gaps in many open ocean, coastal and upwelling regions of the world’s oceans, which would 

also help to improve existing global VSLS emission budgets and the estimates of their contribution to 

the tropospheric and stratospheric halogen budget. Since climate changes are expected to impact 

marine VSLS production and emissions in the future, an improved VSLS climatology would also 

contribute to better estimates of oceanic future emissions. Since the oceanic emissions are a major 

parameter of this thesis and are calculated from other parameters, e.g. oceanic and atmospheric 

concentrations and wind speed, the applicability of the computed fluxes should be validated by 

direct flux measurements of bromoform, dibromomethane and methyl iodide. This technique is not 

available yet, but should be developed as new detection capabilities arise. Another factor influencing 

the results of this thesis is the accuracy of the atmospheric transport calculations, which was 

simulated with the Lagrangian transport model FLEXPART using ERA-Interim reanalysis. Comparing 

the projected vertical atmospheric mixing ratio profiles of VSLS from oceanic in-situ observations 

with the aircraft atmospheric VSLS abundances in the tropical West Pacific revealed promising 

results. Further developments in transport modelling (e.g. boundary layer and convection 

parameterizations) and in global meteorological reanalysis (e.g. SPARC Reanalysis Intercomparison 

Project, SRIP) are needed and will lead to improvements of the understanding of the contribution of 

oceanic VSLS emissions to the atmospheric abundances. 
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6. Lists 
 

6.1 Figures 
 

Figure 1-1: Two-layer model of sea-air gas exchange through an interface. Adopted from Liss and 

Slater (1974). ........................................................................................................................................... 5 

Figure 1-2: Global maps of atmospheric surface mixing ratios [ppt] of bromoform (CHBr3), 

dibromomethane (CH2Br2) and methyl iodide (CH3I) computed by Ziska et al. (2013) .......................... 6 

Figure 1-3: Tropospheric degradation scheme of bromoform (CHBr3) and dibromomethane (CH2Br2) 

after Hossaini et al. (2010). Organic species are shown in red boxes, fast reactions are given by blue 

lines and the production of Bry is given by dashed lines. ........................................................................ 7 

Figure 1-4: Exemplary profiles of convective (left) and stable (right) boundary layers (Stull, 

1988;Seibert et al., 1997, 2000), virtual potential temperature (Θv, red), humidity (q, blue) and wind 

speed (V, green). The height of the boundary layer is given by h, the Surface Layer by SL, the Mixed 

Layer by ML, the Entrainment Layer by EL, the Continuously Turbulence Layer by CTL, and the 

Sporadic Turbulence Layer by STL. The height of the SBL varies with the height of the STL: (a) STL 

reaches the surface, (b) and (c) a CTL leads to an increase of the SBL height. ....................................... 9 

Figure 4-1: Schematic scheme for the tropics: Oceanic emissions from oceanic upwelling regions are 

trapped below the MABL and trade inversion. Once the concentration gradient between the MABL 

and the surface water decreases, the oceanic emissions decrease as well. In contrast within 

convective regions, surface air masses are transported rapidly to the free and upper troposphere and 

can therefore lead to lower VSLS concentrations in the MABL. ......................................................... 161 
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6.2 Tables 
 

Table 1-1: Oceanic emissions of bromoform and dibromomethane in Gg Br yr-1, and methyl iodide in 

Gg I yr-1. Coast includes shelf estimates. Studies using a bottom-up approach are marked by ↑, top-

down by ↓ and model studies by ○. Ziska et al. (2013) uses 2 different methods, robust fit (RF) and 

ordinary least squares (OLS). ................................................................................................................... 4 

Table 1-2: Schmidt numbers (ScVSLS) and Henry’s Law coefficient (HVSLS) for bromoform, 

dibromomethane and methyl iodide with T as liquid temperature (Hayduk and Laudie, 1974;Wilke 

and Chang, 1955;Sander, 1999;Moore et al., 1995a;Moore et al., 1995b;Quack and Wallace, 2003). . 5 
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