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I. Summary 

Very short lived substances (VSLS) as bromoform (CHBr3), dibromomethane (CH2Br2) and methyl 

iodide (CH3I) are formed in the ocean by biological, non-biological and anthropogenic processes. 

Marine CHBr3, CH2Br2 and CH3I concentrations show strong geographical variability (vertical and 

horizontal) determined by their oceanic sources and sinks. After emitted into the atmosphere these 

halogenated compounds and their degradation products are involved in several chemical cycles, i.e. 

tropospheric and stratospheric ozone depletion. Although bromine is much less abundant than 

chlorine in the atmosphere, it is known to deplete stratospheric ozone 45 to 69 times more 

efficiently. CHBr3 and CH2Br2 are the major carriers of organic bromine from the ocean to the 

atmosphere and CH3I is a dominant source of organic iodine in the troposphere. Atmospheric 

concentrations of the three halogenated compounds are highly variable due to their heterogeneous 

distribution and seasonally varying natural sources. The tropical ocean is identified to be a key region 

for enhanced halogenated emissions and for transporting large amount of VSLS into the 

stratosphere.  

Different calculation techniques derive sea-to-air flux estimates, including bottom-up and top-down 

approaches, as well as laboratory experiments. These estimates are used as input for atmospheric 

transport models i.e. chemical transport models (CTM). The global emission strength and 

distributions are highly variable as well as poorly quantified. Further, many uncertainties still exist in 

the production processes, dimension of sources and sinks and chemical fates of VSLS in both the 

ocean and the atmosphere. Due to that it is difficult to parameterize reliable global emission maps of 

halogenated compounds.  

This thesis includes seven manuscripts and aims to reduce the uncertainties of global emission 

estimates based on in-situ measurements of the three VSLS and of their relevance on stratospheric 

ozone loss for the present and future.  

The first manuscript (Ziska et al., 2013) presents the core and fundament of this thesis and contains 

the first data base for existing halogenated air and sea water measurements named HalOcAt 

(Halocarbons in the Ocean and Atmosphere), as well as the calculation of global emission 

climatologies from a bottom-up approach (Ziska et al., 2013). Based on available surface data of the 

HalOcAt database global marine and atmospheric surface maps of CHBr3, CH2Br2 and CH3I were 

calculated in order to finally derive global sea-to-air flux estimates. Due to low data density, the 

challenge was to find the best and most realistic way for inter- and extrapolation. Therefore, a new 

method was developed to fill the missing data in the global grid, combining extrapolation and 

classification techniques, by taking into account the biogeochemical character and distribution of the 

compound of interest. ‘Hot spots’ for global CHBr3 and CH2Br2 emissions are located in the equatorial 
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belt, whereas CH3I emissions are enhanced in the subtropical gyre regions. An important data source 

to the HalOcAt database are the sixth (Hepach et al., 2014) and seventh manuscripts (Fuhlbrügge et 

al., 2013) which contribute additional knowledge about the distribution and magnitude of VSLS 

concentrations in a tropical upwelling system in both the ocean and the atmosphere. Contrary to 

recent studies, negative fluxes (flux into the ocean) occur in each sea-to-air flux climatology, mainly 

in the Arctic (for CH2Br2) and in the Antarctic (for CHBr3) region. Compared to earlier studies, Ziska et 

al. (2013) is at the lower end of estimates, especially for CHBr3. Additionally, a sensitivity study which 

demonstrates the changes of each input parameter (U, SST, SLP, SSS) onto the VSLS air-sea flux 

calculations, shows that the parameters U and SST have the strongest influence on the determination 

of global halogenated emissions. 

The second manuscript (Hossaini et al., 2013) involves the simulation of Bry loading into the 

stratosphere by comparing three top-down and one bottom-up (CHBr3 and CH2Br2 emissions from 

Ziska et al. (2013)) approach in a model sensitivity study. Ziska et al. (2013) emissions match with the 

compilation of CHBr3 surface observations in the tropics, but show a general overestimation of 

CH2Br2. No single inventory gives the best agreement in all locations for CHBr3 or CH2Br2. An 

optimized estimate of bromine contribution of ~4 ppt was created based on the CHBr3 emissions 

from Ziska et al. (2013) and of the CH2Br2 emissions from Liang et al. (2010). The second manuscript 

underlines the applicability and the importance of the Ziska et al. (2013) emissions for the model 

community.  

Calculation of iodine transport from the tropical ocean surface into the stratosphere by using the 

CH3I emission from Ziska et al. (2013) and a Langrangian model is investigated in the third manuscript 

(Tegtmeier et al., 2013) for the first time. The results show that the transport of iodine in form of 

CH3I into the tropical tropopause layer (TTL) and lowermost stratosphere are too low to be significant 

on a global scale for stratospheric ozone loss. However, on a regional scale, strong vertical transport 

combined with enhanced emission peaks are found in the West Pacific and appears considerable. 

The fourth manuscript (Ziska et al., in prep.) analyzes the effect of climate change on the oceanic 

emissions of CHBr3, CH2Br2 and CH3I for the first time. The global maps of oceanic concentrations and 

atmospheric mixing ratios derived from the first manuscript and future physical input parameters of 

two different scenarios from three IPCC (Intergovernmental Panel on Climate Change) models are 

used to calculate halogenated future emission projections. Under low (RCP 2.6 scenario) and 

extreme (RCP 8.5 scenario) future conditions the halogenated emissions of CHBr3, CH2Br2 and CH3I 

show an increase to 2100, however changes in ocean production are not considered in the 

calculations. Based on these results, the future impact of CHBr3 on stratospheric ozone is determined 

in the fifth manuscript (Tegtmeier et al., in prep.). Calculation of future ozone-depleting-substances 

(ODP)-weighted emissions of CHBr3 estimates an 80 % increase until 2100 for the extreme scenario 
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by taking into account changes of meteorological surface parameters and changes of convective 

activity results. The results of the manuscripts reduce some of the uncertainties, but there are still 

open questions, i.e. the quantification of the oceanic productivity under ongoing environmental 

changes in the future emission estimates. Enlarging the HalOcAt data base with more measurements, 

common calibration techniques and more basic research to understand source and sink mechanisms 

of the VSLS in the ocean and atmosphere are needed to improve Ziska et al. (2013) emissions and 

thus also the stratospheric budget of VSLS.      
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II. Zusammenfassung 

Flüchtige Substanzen (VSLS) mit kurzer atmosphärischer Lebenszeiten (0-0.5 Jahre) wie Bromoform 

(CHBr3), Dibrommethan (CH2Br2) und Methyliodid (CH3I) werden im Ozean durch biologische, nicht 

biologische oder anthropogene Prozesse gebildet. Bedingt durch ihre ozeanischen Quellen und 

Senken weisen marine CHBr3, CH2Br2 und CH3I Konzentrationen eine starke geographische Variabilität 

auf (vertikal und horizontal). Gelangen diese halogenierten Verbindungen sowie ihre 

Zerfallsprodukte in die Atmosphäre können sie in mehrere chemische Zyklen involviert sein, wie zum 

Beispiel beim troposphärischen und stratosphärischen Ozonabbau. Obwohl Brom in geringerer 

Konzentration als Chlor in der Atmosphäre vorhanden ist, wurde bewiesen, dass Brom 45- bis 69-mal 

effizienter im Abbau von stratosphärischem Ozon ist. CHBr3 und CH2Br2 sind die wichtigsten 

Zulieferer zu atmosphärischem organischem Brom und CH3I stellt eine bedeutende Quelle von 

organischem Jod in die Troposphäre dar. Die atmosphärischen Konzentrationen der drei 

halogenierten Verbindungen sind aufgrund ihrer Unterschiedlichen Verteilung und zeitlich 

variierenden natürlichen Quellen sehr variabel. Der tropische Ozean wurde als Schlüsselregion für 

erhöhte halogenierte Emissionen und für den Transport großer Mengen von VSLS in die Stratosphäre 

identifiziert. 

Es existieren verschiedene Verfahren wie Bottom-up oder Top-down, sowie Laborexperimente, die 

zur Berechnung von globalen Emissionskarten dienen. Sie werden als Inputdaten für atmosphärische 

Transportmodelle wie zum Beispiel chemische Transportmodelle (CTM) verwendet. Die globalen 

Emissionen variieren stark in ihrer Größenabschätzungen. Weiterhin existieren viele Unsicherheiten 

in den Bildungsprozessen, den Ausmaßen von Quellen und Senken und chemischen Prozessen der 

halogenierten VSLS im Ozean und der Atmosphäre. Daher ist es schwierig, aussagekräftige globale 

Emissionskarten von halogenierten Verbindungen zu berechnen.  

Die vorliegende Arbeit besteht aus sieben Manuskripten und zielt darauf ab, die existierenden 

Unsicherheiten der globalen Emissionsabschätzungen auf Grundlage von in-situ-Messungen der drei 

VSLS und ihre Relevanz auf den stratosphärischen Ozonverlust für die Gegenwart und Zukunft zu 

reduzieren.  

Herzstück  und Fundament dieser Arbeit ist das erste Manuskript  (Ziska et al., 2013). Es beinhaltet 

die Veröffentlichung der ersten Datenbank HalOcAt (Halocarbons in the Ocean and Atmosphere), für 

halogenierte Luft-und Ozeanmessungen, sowie die Berechnung der globalen Emissionskarten nach 

einem  Bottom-up-Ansatz (Ziska et al, 2013). Auf Grundlage der verfügbaren Oberflächenmessungen 

aus der HalOcAt Datenbank wurden globale ozeanische und atmosphärische Oberflächenkarten von 

CHBr3, CH2Br2 und CH3I berechnet, um schließlich globale Emissionsabschätzungen abzuleiten. 

Aufgrund der zu geringen Datendichte bestand die Herausforderung darin, die beste und 
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realistischste Methode der Interpolation und Extrapolation zu finden. Dafür wurde eine neue 

Berechnung und Klassifizierungstechnik entwickelt, um fehlende Daten in die Gitterpunkte zu füllen. 

Dabei wurden der biogeochemische Charakter und die Verteilung der Verbindungen betrachtet. Alle 

drei Verbindungen weisen eine erhöhte Emissionsstärke in verschiedenen ozeanischen Regionen der 

Tropen auf. "Hot Spots" für die CHBr3 und CH2Br2 Emissionen wurden im Äquatorband gefunden, 

während erhöhte CH3I Emissionen in subtropischen Gürtel auftreten. Eine wichtige Datenquelle für 

die HalOcAt Datenbank sind das sechste (Hepach et al., 2013) und siebte Manuskript (Fuhlbrügge et 

al., 2013). Sie tragen zusätzliche Kenntnisse zur Verteilung und Größe der ozeanischen und 

atmosphärischen VSLS Konzentrationen in tropischen Auftriebsregionen bei. Im Gegensatz zu 

bisherigen Studien enthalten die Ziska et al. (2013) Emissionen negativen Flüsse (Transport von der 

Atmosphäre in den Ozean), die vor allem in der Arktis (für CH2Br2) und in der Antarktis (für CHBr3) 

vorkommen. Im Vergleich zu früheren Studien befinden sich die Ziska et al. (2013) Emissionen am 

unteren Ende der Abschätzungen, insbesondere für CHBr3. Zusätzlich zeigte eine Sensitivitätsstudie 

den Einfluss der einzelnen Eingangsparameter (Windgeschwindigkeit (U), Oberflächentemperatur 

(SST), Oberflächendruck (SLP) und Salzgehalt an der Wasseroberfläche (SSS) auf die VSLS 

Emissionsberechnung. Das Ergebnis zeigte, dass die Parameter U und SST den stärksten Einfluss auf 

die Ermittlung der globalen halogenierten Emissionen ausüben. Das zweite Manuskript (Hossaini et 

al., 2013) beinhaltet die Simulation des Transportes von anorganischem Brom (Bry) in die 

Stratosphäre. Für den Vergleich wurden drei Top-down-und ein Bottom-up-Ansatz (CHBr3 und CH2Br2 

Emissionen von Ziska et al. (2013)) verwendet. Die Ziska et al. (2013) Emissionen weisen die beste 

Übereinstimmung für CHBr3 mit den Oberflächendaten in den Tropen auf, gleichzeitig zeigen sie eine 

generelle Überschätzung der CH2Br2 Werte. Auf Grundlage der CHBr3 Emissionen von Ziska et al. 

(2013) sowie der CH2Br2 Emissionen von Liang et al. (2010) wurde eine optimierte Abschätzung vom 

Brombeitrag in die Stratosphäre von ~4 ppt erstellt. Das zweite Manuskript bekräftigt die 

Anwendbarkeit und die Bedeutung der Ziska et al. (2013) Emissionen für die Modellierung. Die 

Berechnung des globalen Jodtransports aus dem tropischen Ozean in die Stratosphäre mit Hilfe der 

CH3I Emission von Ziska et al. (2013) und einem Langrangen-Modell wurde zum ersten Mal im dritten 

Manuskript durchgeführt (Tegtmeier et al., 2013). Die Ergebnisse zeigen, dass im globalen Kontext 

der Transport von Jod in Form von CH3I in die tropische Tropopause und unterste Stratosphäre 

niedrig ist, um signifikant zum stratosphärischen Ozonverlust beizutragen. Auf regionaler Ebene 

jedoch, wurden starke vertikale Transporte in Verbindung mit erhöhten Emissionsspitzen im West-

Pazifik gefunden. Das vierte Manuskript (Ziska et al., in prep.) analysierte zum ersten Mal die Wirkung 

des Klimawandels auf die ozeanischen Emissionen CHBr3, CH2Br2 und CH3I. Für die Berechnung von 

zukünftigen halogenierten Emissionsprognosen wurden die globalen Ozeankonzentrationen und die 

atmosphärischen Mischungsverhältnisse aus dem ersten Manuskript verwendet, sowie die Zukunft-
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Input-Parameter von drei IPCC (Intergovernmental Panel on Climate Change) Modellen sowie von 

zwei unterschiedlichen Szenarien. Unter schwach (RCP 2.6 Szenario) und extrem (RCP 8.5 Szenario) 

ausgeprägten  Zukunftsbedingungen zeigten die halogenierten Emissionen CHBr3, CH2Br2 und CH3I 

einen Anstieg bis 2100. Die Änderungen der Produktion im Ozean wurden in den Berechnungen nicht 

mitberücksichtigt. Basierend auf diesen Ergebnissen wurde im fünften Manuskript (Tegtmeier et al., 

in prep.) die zukünftigen Auswirkungen von CHBr3 auf  das stratosphärisches Ozon bestimmt. Eine 

Zunahme von 80 % bis zum Jahr 2100 für das extreme Szenario unter Berücksichtigung der 

Veränderungen der meteorologischen Parameter sowie der konvektiven Aktivität wurde für die 

zukünftigen ODP (Ozon zerstörendes Potential) - gewichteten Emissionen für CHBr3 abgeschätzt. 

Die Ergebnisse der Manuskripte haben dazu beigetragen, dass Unsicherheiten reduziert werden 

konnten, jedoch gibt es immer noch offene Fragen, wie die Quantifizierung des Einflusses der 

Ozeanproduktivität auf die Zukunftsemissionen. 

Eine Vergrößerung der Datenmenge in der HalOcAt Datenbank, eine gemeinsame 

Kalibrierungstechnik für alle Messungen und mehr Grundlagenforschung für die Bestimmung der 

Quellen und Senken der VSLS im Ozean und Atmosphäre sind notwendig, um die Ziska et al. (2013) 

Emissionen und damit auch die Bestimmung des Halogenbudgets in der Stratosphäre zu verbessern. 

 

  



12 Zusammenfassung 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

     IIIINTNTNTNTRODURODURODURODUCCCCTTTTIONIONIONION    

 

 

 

 

 

 

 

 

 

 

 
 



14 Introduction 

  



Introduction 15 

III. Introduction 

Ozone (O3) is a colorless gas and naturally present in the atmosphere (Figure III–1). Most (ca. 90 %) of 

the ozone is found in the stratosphere in 20 to 25 km height and enables life on earth by absorption 

of solar energy rich wavelengths (ultraviolet (UV) radiation: UV-C  and most of UV-B). The physical 

and chemical processes of ozone formation in the stratosphere were discovered by Sydney 

Chapmann in 1930 in the article ‘Ozone-Oxygen-Cycle’. UV-radiation splits oxygen molecules into two 

oxygen atoms which form ozone together with other 

oxygen molecules. Stratospheric O3 varies strongly 

with latitude and longitude (on average higher in the 

tropics and lower at the poles) and with seasons. Total 

ozone values are reported in Dobson units denoted as 

DU. Typical values vary between 200 and 500 DU. In 

1950, David Bates found that free radicals like hydroxyl 

(OH∙) or nitric oxide (NO∙) reduce the amount of 

ozone. In 1956 scientists started to regularly measure 

ozone concentrations at the South Pole. One year later 

Gordon Dobson and two French scientists discovered 

the so-called ‘ozone hole’ (ozone values under 200 

DU). In the late 1920, the industrial use of chlorofluorocarbons (CFCs) for refrigeration, air 

conditioning, foam blowing, aerosol propellants and cleaning of metals and electronic components 

started. They also occur as by-products of some chemical processes. CFCs including carbon, chlorine, 

and fluorine have long atmospheric life times (up to 130 years) and can be transported to the 

stratosphere. There, CFCs are dissociated by UV light to release chlorine atoms. The chlorine atoms 

act as catalysts and each can break down tens of thousands of ozone molecules before being 

removed. The connection between low ozone concentrations and CFC release was first published by 

Molina and Rowland (1974).  

The impact of decreasing ozone concentration in the stratosphere is fatal for human beings, animals 

and plants all over the world, and decision-makers had to act fast. In order to protect the ozone layer 

43 nations including most of the CFCs producers signed the Montreal Protocol in 1987. Stepwise the 

industrial production and the use of CFCs were limited, stagnated and banned worldwide through 

the Protocol, with success, since the ozone layer is slowly recovering (WMO, 2011). 

Figure III – 1. Vertical distribution of ozone 

concentrations in the atmosphere (Fahey and 

Hegglin, 2010). 
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Although bromine is much less abundant 

than chlorine in the atmosphere, it is known 

to deplete stratospheric ozone 45 to 69 times 

more efficiently (Daniel et al., 1999). One 

human-made ozone depleting substance 

(ODS) including bromine is methyl bromide 

(CH3Br). CH3Br is used primarily as an 

agricultural and pre-shipping fumigant, but 

also has natural sources. Since 1990 this 

compound is regulated by the Montreal 

Protocol. Balloon experiments measuring 

total stratospheric inorganic bromine (Bry) for 

the time period of ten years showed that 

significantly more ozone-depleting bromine 

(4.1 ± 2.5 ppt)  reaches the stratosphere than 

the transport of CH3Br and halons can 

account for (Dorf et al., 2006) (Figure III–2). 

Their idea was that very short lived 

substances (VSLS) like bromoform (CHBr3) or dibromomethane (CH2Br2) could close the gap of the 

missing stratospheric Bry. CHBr3 and CH2Br2 are naturally produced in the ocean by macroalgae and 

phytoplankton (Quack and Wallace, 2003). Emitted into the marine boundary layer these 

bromocarbons have a short lifetime (2-3 weeks for CHBr3 and 2-3 months for CH2Br2) and are mainly 

decomposed by photolysis and reaction with hydroxyl radicals (OH). Due to convective uplift of 

tropospheric air in the tropics, tropical sources of CHBr3 and CH2Br2 and their breakdown products 

can reach the stratosphere (Dvortsov et al., 1999; Sinnhuber and Folkins, 2006) and can be involved 

in ozone depletion.  

Methyl iodide (CH3I) is the dominant gaseous organic iodine species in the troposphere where it is 

involved in several iodine cycles. CH3I is manly emitted from the ocean and is formed by biological 

and non-biological pathways. CH3I has a short lifetime (several days) and if CH3I is transported to the 

stratosphere it may take part in stratospheric chemical processes, including the destruction of ozone 

(Solomon et al., 1994). Global emission estimates of these halogenated compounds are poorly 

quantified (Hossaini et al., 2010), but are needed as input for (chemical) transport models, i.e. for 

explaining the missing Bry in the stratosphere and to predict the recovery of the ozone layer (Yang et 

al., 2005). Many uncertainties still exist in the formation processes, sources, sinks and chemical fates 

Figure III – 2. Trends for bromine (ppt) measured in the 

near surface (lines) and stratosphere (squares). Global 

tropospheric CH3Br measured without and with halons 

(Butler et al., (1999) till 1998 and Montzka et al., (2003) 

after 1995). Total inorganic bromine derived from 

stratospheric measurements of BrO and photochemical 

modeling that accounts for BrO/Bry by balloon 

experiments (filled squares) and lower most 

stratospheric BrO measurements (open squares). 

Assuming total contribution of 3, 5 and 7 ppt of Bry 

from VSLS to the total bromine budget of CH3Br and 

halons (thin blue lines) (Dorf et al., 2006).  
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of VSLS in both the ocean and the atmosphere but have to be clarified to understand the past and 

future environment. 

 

1. Halocarbons in the ocean 

This thesis focuses on three halogenated compounds; the bromocarbons CHBr3 and CH2Br2 and the 

iodinated methane CH3I. They are formed in the ocean by biological, non-biological and human made 

processes. CHBr3, CH2Br2 and CH3I show strong geographical variability (vertical and horizontal) 

characterized by their oceanic sources and sinks. On a global scale anthropogenic sources are 

negligible compared to the natural sources, however, this is not the case on a regional scale. Local 

sources, especially near coasts significantly impact the concentration of the compounds. Halocarbons 

are important in the global cycling of gaseous halogen species when they are transported to the 

atmosphere. In the following, different source and sink mechanisms forming and destroying marine 

CHBr3, CH2Br2 and CH3I are described. 

1.1. Marine bromocarbons  

Enhanced marine CHBr3 and CH2Br2 concentrations are found in coastal regions, continental shelves, 

around islands as well as in upwelling regions. Further outside these source regions, in the open 

ocean, lower and more homogenous concentrations are measured. Marine organisms such as 

macroalgae, phytoplankton and bacteria are involved in their production while air-sea gas exchange 

(from ocean to atmosphere) is the dominant loss process in the ocean. Additionally local 

anthropogenic processes lead to the formation of marine bromocarbons. CH2Br2 is formed as by-

product of biological production of CHBr3 in the ocean although it shows a different pattern in the 

deep ocean indicating its different cycling the marine environment (Quack et al., 2007a).  

1.1.1. Anthropogenic sources 

Large amounts of CHBr3 and CH2Br2 entering the marine environment are formed as by-products of 

sea and fresh water disinfection (Quack and Wallace, 2003; Rook, 1974) and when chlorine is added 

to drinking water (Batjer et al., 1980) or swimming pools (Beech et al., 1980) to kill bacteria. Although 

chlorination has been used to treat drinking water almost 100 years, the production of CHBr3 and 

CH2Br2 during the chlorination process was first identified by Rook (1974).  

During chlorination hypochlorous acid (HOCl) reacts to hypobromous acid (HOBr) in the presence of 

Br- (Jenner et al., 1997). 

ClO- + Br- → BrO- + Cl- (equation 1) 

BrO- + H+ → HOBr (equation 2) 



18 Introduction 

Further, HOBr reacts with dissolved organic matter (DOM) to form unstable brominated compounds 

which decay rapidly to CHBr3 and CH2Br2 (Lin and Manley, 2012). 

3HOBr + DOM → DOM-Br3 (equation 3) 

DOM-Br3 → CHBr3 + DOM (equation 4) 

Compared to CHBr3 the production of CH2Br2 by chlorination of waste water and drinking water is 

small (Perry et al., 1979). The discharge of chlorine into the marine environment will generally be 

greatest in areas with high population 

density located in coastal regions 

where the use of waste treatment and 

power generation is large (Scott et al., 

1990). A laboratory experiment 

showed that the dominant substance 

formed during water chlorination was 

CHBr3 (96 to 98 %) (Padhi et al., 2012). 

Assuming the global chlorine usage is 

twice that of the United States 

(Hamilton et al., 1977) the chlorination of seawater produces 6*108 g yr-1 of organic Br and          

4*109 g yr-1 of organic Br by freshwater chlorination. Quack and Wallace (2003) and contributors 

within estimated a total anthropogenic Br amount of ~346 Mmol yr-1 (245 -1393 Mmol Br yr-1), while 

the highest contaminant input is caused by coastal fossil fuel plants (Table III–1).  

 

1.1.2. Biological sources 

Evidence has been provided for the production of volatile halogenated organic compounds by 

macroalgae and some marine microalgae (phytoplankton) (Gschwend et al., 1985; Sturges et al., 

1992, Tokarczyk and Moore, 1994, Tait and Moore, 1995; Carpenter and Liss, 2000). Brown, green 

and red algae produce various amounts of the bromocarbons CHBr3 and CH2Br2 (Gschwend et al., 

1985; 

Nightingale et al., 1995) and are abundant near coastal areas or near the sea surface, which may be 

transported to the atmosphere Dryssen and Fogelqvist (1981).  

One formation process of marine bromocarbons CHBr3 and CH2Br2 is the oxidation of bromine via 

hydrogen peroxide catalyzed by the enzymes bromo- and chloroperoxidase (e.g. Beissner et. al., 

1981, Wever and van der Horst, 2013): 

H2O2 + H+ + Br- → HOBr + H2O  (equation 5) 

Table III – 1. CHBr3 emissions in Mmol Br yr
-1

 from differentt 

anthropogenic sources (Quack and Wallace, 2003). 

Anthropogenic source 
CHBr3 Emission 

[Mmol Br yr
-1

] 

Coastal power plants 34 (25-85) 

Inland nuclear power 4 (1-85) 

Coastal fossil fuel plants 280 (210-700) 

Inland fossil fuel plants 14 (3-280) 

Desalination/power plants 2* 

Disinfection of waste water, drinking 

water and recreational water 
 

12 (3-240) 

*including atmospheric release from dearation process 
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H2O2 is generated in plant cells during photosynthesis and photorespiration (Pedersén et al., 1996). 

Wever et al. (1991) proposed that the formation of HOBr by brown algae species is part of a host 

defense system against bacteria and viruses, a hypothesis which was later supported by other studies 

(Nightingale et al., 1995). Further, they investigated vanadium containing bromoperoxidase that 

could react to HBrO which is then released into the water. Two biosynthetic pathways of CHBr3 and 

CH2Br2 formation from HOBr are possible. The first pathway was observed in the red algae species 

Bonnemaisonia hannifera.  They contain ketones which are brominated by the peroxidase. These 

unstable ketones decay via the haloform reaction (Eq. 5) to form CHBr3 and CH2Br2 (Theiler et al., 

1978; Morrison and Boyd, 1992).  

R – CO – CH3 → R – COO- + CHBr3  (equation 6) 

The second pathway is that HOBr is released into the seawater and reacts with dissolved organic 

matter (DOM) (Eq. 3) to form unstable brominated compounds which may produce e.g. CHBr3 and 

CH2Br2 during decay (Eq. 4). In the Arctic Ocean DOM was identified as the key factor for production 

of bromocarbons (Karlsson et al., 2013). The link between halocarbons production and the cell 

excretion is not fully understood. Laboratory experiments showed that most of the brominated 

compounds formed by HOBr reaction with DOM are non-volatile, however, the dominant compound 

of the volatile fraction is bromoform (Hill and Manley, 2009). In brown seaweeds the maximum 

activity of bromoperoxidase enzymes is detected during winter and spring (Wever et al., 1988). The 

release rates are species-specific and sensitive to external physical conditions (e.g. light) (Carpenter 

et al., 2000).  

Additionally, phytoplankton is a source of bromocarbons, especially in the open ocean (Carpenter et 

al., 2003, Quack and Wallace, 2003). Its main production pathway might be bromoperoxidase outside 

of the cell (Lin and Manley, 2012). Marine phytoplankton and sea-ice algae, especially diatoms are 

known as CHBr3 and CH2Br2 producers (Moore et al., 1996; Sturges et al., 1997). Locations with high 

primary production, e.g. the tropical oceans, constitute a major source of bromocarbons. Laboratory 

experiments showed HOBr production by arctic, subtropical and tropical diatom species (Hewson 

and Hager 1980; Fenical et al., 1982; Moore et al., 1996; Hill and Manley, 2009). Temperate species 

appear to be poor producers (Moore et al., 1995b). However, it is controversial how much of the 

HOBr is converted to bromocarbons under different environmental conditions. Studies showed that 

changes in light, ph value, tides (Mtolera et al., 1996) and temperature or injuries distresses the 

macroalgae or phytoplankton organism and influences the bromocarbon production (Hewson and 

Hager 1980; Moore et al., 1996; Carpenter 2003; Quack and Wallace, 2003; Hill and Manley, 2009). 

High solar irradiance is generally reported to enhance CHBr3 production (Moore et al., 1996; Ekdahl 

et al., 1998; Carpenter et al., 2000). However, Antarctic algae species showed higher CHBr3 
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production in the dark and a temperature-dependent release (Laturnus, 1996). A field study of 

Abrahamsson et al. (2004b) showed diurnal cycles of CHBr3 and CH2Br2 from microalgae. CHBr3 and 

CH2Br2 concentrations in the ocean might be influenced by seasonal changes in biomass production 

and varying solar radiation. For example, in the Baltic Sea increased CHBr3 and CH2Br2 concentrations 

have been observed during summer (Orlikowska and Schulz-Bull, 2009). 

Globally, planktonic and macroalgae sources of bromocarbons are extrapolated to be of comparable 

magnitude (Quack and Wallace. 2003). Global macroalgae biomass is estimated to be 60*1012 g total 

global fresh weight, two-thirds thereof from kelp (DeVooys et al., 1979). The macroalgae release 

rates of volatile bromine-containing compounds is estimated to be ~1010 - 2*1011 g yr-1 (Gschwend et 

al., 1985, Manley et al., 1992). Further, estimation of ice algae release are 1*1010-1.5*1011 g yr-1 

organic Br (Sturges et al, 1992).  

Bacteria as sources for bromocarbons are poorly investigated yet, but have to be considered in 

future work. Results of Granfors et al. (2013) suggest bacterial halocarbon production in Arctic sea 

ice, while experiments with metabolic inhibitors showed that ice algae rather than bacteria are 

responsible for bromoform formation (Sturges et al., 1992). Field incubations studies of microalgae 

communities in surface sea ice have shown that CHBr3 and CH2Br2 are being produced and indicated 

that the CHBr3 rate was 30-100 higher compared to CH2Br2 (Abrahamsson et al., 1995; Karlsson et al., 

2013). 

 

Figure III – 3. Depth profiles of CHBr3, CH2Br2 and Chl a for stations on the continental shelf (station 2), over 

the continental slope to offshore (station 5) in Alaska (Karlsson et al., 2013). 

A direct correlation between chlorophyll a (chl a) and the bromocarbons is not apparent 

(Abrahamsson et al., 2004; Quack et al., 2007b). The depth profiles in figure III–3 show the vertical 

distribution of CHBr3 and CH2Br2 oceanic concentrations from continental shelf (station 2-dark blue) 

to offshore (station 5-red). Chl a is a proxy indicator for biological production. The bromocarbons 
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maximum is identical to the Chl a maximum in station 2 and 3, but not in station 4. The vertical 

distribution of CHBr3 and CH2Br2 is an interaction between production and sink mechanisms and 

transport (advection and diapycnal mixing). 

 

1.2. Marine methyl iodide 

The production processes of CH3I are not fully understood. There is an ongoing debate whether the 

formation by biological organisms or photochemical degradation is the main source. CH3I has low 

solubility and thus the ocean water can easily become supersaturated (Manley and Dastoor, 1988) 

1.2.1. Biological and non-biological sources 

The first sea water measurements of CH3I is made by Lovelook (1973) and indicated that this 

compound was the main carrier of iodine in the atmosphere. Macroalgae, phytoplankton and 

bacteria can form CH3I (e.g. Manley and Dastoor, 1987; Manley and de la Cuesta, 1997; Amachi et al., 

2001; Hughes et al., 2011) as well as non-biological processes like photochemical degradation of 

organic matter (e.g., Moore and Zafiriou, 1994; Happell and Wallace, 1996; Richter and Wallace, 

2004; Chuck et al., 2005; Butler et al., 2007; Yokouchi et al., 2008).  

Several biological mechanisms have been identified for CH3I production in seawater:  

  

i) White et al. (1982) suggest CH3I formation by reaction of halides with dimethylsulfonium 

ions (e.g. DMSP) concentrated in the algae, but no evidence for this production pathway 

could be found in Antarctic macro-algae (Manley and Dastoor, 1988).  

ii) Moore and Zafiriou (1994) proposed that CH3I is formed by reductive dehalogenation 

(similar to CHBr3 and CH2Br2 (Eq. 2)) 

iii) Manley and Dastoor, (1988) illustrated CH3I production by microbes derived from 

decomposing kelp and estimated a global production of 2.4 Gmol (CH3I) I yr-1 by 

enzymatic activity of methyltransferases (e.g. Ohsawa et al., 2001). The reaction includes 

the transfer of iodide via S-adenosyl-L-methionine (SAM). 

 

I- + SAM → CH3I + s-adenosyl-L-homocysteine (SAH)  (equation 7) 

 

In vitro expermiments showed CH3I formation by methylation in 13 of 20 terrestrial 

bacterial strains. The reaction depends strongly on the iodine level and the oxygen 

conditions (occur best in oxic and anoxic environments (Amachi et al., 2001). 

iv) An additional possible marine source of CH3I is the reaction of the vitamin B12 derivate 

methylcobalamin (CH3-B12) with Iodide-atoms (I) or molecules (I2) (Manley, 1994). This 

process is more effective in seawater with lower ph (ph < 7): 
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CH3-B12(CO3+) + I- 
→ CH3I + B12s(CO1+) (equation 8) 

At coastal areas CH3I is formed by macroalgae. Global estimates show a wide range (4.7*107 to 

1.3*1012 g yr-1) of CH3I production by macroalgae (Rasmussen et al., 1982; Manley and Dastoor, 1988; 

Nightingale et al., 1991; Nightingale, 1995). 

 

In addition, biological pathway by phytoplankton, i.e. diatom 

species (Manleyq and de la Cuesta, 1997) and the cyanobacterium 

Prochlorococcus (Abrahamsson et al., 2008; Brownell et al., 2010), 

have been identified as CH3I sources in the open ocean. Examples 

of depth profiles of CH3I are shown in Figure III–4. Two profiles 

show a subsurface maximum at the base of the oceanic mixed 

layer which is identical with the chlorophyll a (indicator for 

biological production) maximum. Rasmussen et al. (1982) 

estimated a global CH3I production by phytoplankton of 1012 g yr-1. 

Under stress conditions (e.g. increasing solar irradiation 

(Abrahamson et al., 2008)) enhanced production rates of CH3I by 

an order of magnitude have been documented (Hughes et al, 

2011). 

The open ocean sources and origin of CH3I are controversial. 

Laboratory experiments of Richter and Wallace (2004) found a 

photochemical production pathway of CH3I in sea water. Moore 

and Zafiriou (1994) suggested a photochemical source for CH3I involving a radical recombination 

pathway: 

CH3• + I• → CH3I (equation 9) 

 

 The methyl radicals (CH3•) are formed by photolysis of humic material from DOM and has a lifetime 

of ~1 ms. The main sink for methyl radicals is the reaction with oxygen (Zafiriou et al., 1990). 

Enhanced production of CH3I occurs under low oxygen and high iodine conditions.  

 

1.3. Ocean sinks 

 

The dominant ocean sink process of CHBr3, CH2Br2 and CH3I is the air-sea gas exchange and is 

discussed separately in section IV–2. Hydrolysis, halogen-substitution and photolysis constitute 

degradation pathways for the three halocarbons in sea water. Biotic and abiotic reductive 

dehalogenation represents an additional sink mechanism for the bromocarbons.  

Figure III – 4. Vertical profiles of 

CH3I concentrations in pmol L
-1

 at 

three different stations in the 

Pacific Ocean with temperatures in 

°C at the depth of each CH3I

maximum (Moore and Groszko et 

al., 1999). 
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Hydrolysis is the cleavage of chemical bonds by the addition of water and is highly temperature 

dependent.  The colder the sea water the slower are the reaction rate. At 2–4 °C marine 

bromocarbons lifetime is ~680–1000 years and at 25 °C the lifetime decreases to 30-50 years (Mabey 

and Hill, 1978).   

Further, halogen substitution is 1-2 orders of magnitude faster than hydrolysis. Halogenated 

compounds can be biodegraded (by enzyme) via reductive removal of halogen substituents. Class 

and Ballschmiter (1988) suggest nucleophilic substitution in sea water according to:  

CHBr3 + Cl- → CHBr2Cl + Br-                                                                                                              (equation 10) 

CHBr2Cl + Cl- → CHBrCl2 + Br-  (equation 11) 

CHBrCl2 + Cl- → CHCl3 + Br-                                                                                                              (equation 12) 

The end product of this reaction chain might be chloroform (CHCl3). For the conversion the lifetime 

of bromoform to dibromochloromethane is reported to vary from 5 (25 °C) to 74 (2 °C) years (Geen, 

1992). Marine CH3I also reacts with chloride via halogen substitution to produce methyl chloride 

(Zafiriou et al., 1975): 

CH3I + Cl- → CH3Cl + I-                                                                                                                       (equation 13) 

The reductive dechlorination of CH3I (to CH3Cl) is the most common nucleophilic substitution in 

seawater (Zika et al., 1984; Moore and Zafiriou, 1994). Zafiriou et al (1975) reported a marine CH3I 

lifetime of 19.7 days at 19.2 °C and 58.4 days at 10.8 °C. Because of temperature dependence, the Cl- 

substitution varies strongly by latitude and depth. Between the temperature range 5–25 °C, the half-

life of CH3I varies from thousands of days for cold water to 6 days for the warmest water (Zika et al., 

1984). 

Near the ocean surface layer solar photolysis is an important sink mechanism for halocarbons.  The 

C–Br bond of CHBr3 is broken down by 380 nm light (Betterton et al., 1995) and CH3I is degraded by 

light of <340 nm wave length. Zika et al. (1984) predicted a lifetime for CH3I in tropical surface water 

of 2.7 days and suggest that photolysis reaction might be a major sink for CH3I, especially in warm 

waters. Reductive dehalogenation of brominated compounds has been found primarily in syntrophic 

anaerobic communities and occurs through microbial activity (Bouwer et al., 1981). Goodwin et al 

(1997) have demonstrated that bacteria are able to oxidize CH2Br2 in sea water. Further, CH2Br2 

concentrations in the Black Sea decrease through the suboxic and into the anoxic zone (Tanhua et al., 

1996). They suggest that CH2Br2 and other halogenated compounds are removed by means of 

reduction. The higher the redox-potential of a halocarbon is the higher is the rate of reduction. 
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A model study calculated the loss 

fraction of the four degradation 

pathways on a global scale and 

shows the dominant sink process 

for each halogenated compound 

(Figure III–5, I. Stemmler 

personal communication). The 

fractions are calculated by the 

sum of each pathway for a 

climatological year. Further each 

sink was zonal averaged and 

fractionated. The sea-to-air flux 

is zero if there is uptake from the 

atmosphere to the ocean such as 

in the Arctic/Antarctic regions 

for the bromocarbons. The 

major sink for all three 

compounds is the air-sea gas 

exchange. Due to the long 

reaction time of hydrolysis, this sink process is a minor part compared to the other ones. CHBr3 and 

CH2Br2 show similar features, photolysis is the second dominant surface sink. Microbial degradation 

of CHBr3 shows no latitudinal trend whereas halogen substitution is temperature dependent and 

presents a stronger influence in lower latitudes. Identical features are seen for the degradation 

processes of CH3I. Cl- substitution is a dominant sink for CH3I in the tropics while photolysis is 

dominant in higher colder latitudes.  

 

2. Atmospheric bromocarbons and methyl iodide 

Bromoform and dibromomethane are the major carriers of bromine form the ocean to the 

atmosphere (Penkett et al., 1985). CH3I is a dominant source of organic iodine in the troposphere and 

is involved in several atmospheric chemical cycles (Saiz-Lopez et al. 2012). After emitted into the 

marine boundary layer, the halogens and their breakdown products are involved in chemical 

processes in the troposphere and stratosphere (WMO, 2011). The compounds and their degradation 

products can be transported by vertical deep convection (Aschmann et al., 2009) into the tropical 

tropopause layer (TTL) and even reach the stratosphere where there are involved in ozone depletion. 

Figure III – 5. Left: Annual zonal mean of the ocean loss fraction 

outgassing (black dashed), photolysis (black), microbial degradation 

(green), halogen substitution (blue) and hydrolysis (red) from the 

compounds CHBr3, CH2Br2 and CH3I calculated with the global 3D general 

ocean circulation model MIOPM with coupled ecosystem model 

HAMOCC (Stemmler et al., 2014). Right: the same as shown left only for 

CHBr3 and CH3I without outgassing. 
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Bromine is about 45-69 times more efficient than chlorine in destroying stratospheric ozone 

(Sinnhuber et. al, 2006). Atmospheric concentrations of the three halogenated compounds are highly 

variable due to their heterogeneous distribution and time varying natural sources.  

 

2.1. Atmospheric distribution and chemical fates  

2.1.1. Bromocarbons 

Short –lived brominated organic compounds such as CHBr3 and CH2Br2 have life times of ~2–3 weeks 

and ~2–3 months, respectively (Montzka and Reimann, 2011). Mean background concentrations of 

CHBr3 in the MBL (<1000 m height) in the Tropical Pacific were 0.58 to 0.85 ppt and 0.5 ppt in the 

open ocean (Fischer et al., 2000). Highest concentrations were measured at coastal areas (i.e. Mace 

Head 1.0 to 22.7 ppt (Carpenter et al., 1999)). Also, higher mean background concentrations were 

measured in the Northern Hemisphere (0.85 to 0.94 ppt (Penkett et al., 1985; Atlas et al., 1993)) 

compared to the Southern Hemisphere (0.58 to 0.74 ppt). Khalil and Rasmussen (1999) reported that 

the Arctic has more alkanobromine as bromoform compared to the Antarctic (57 % versus 15 %). A 

seasonal cycle of bromoform was measured in the Arctic and over Hawaii (Cicerone et al., 1988; 

Yokouchi et al, 1996). 

Both compounds show a rapid decrease with altitude 

whereas CHBr3 concentrations decline faster than those of 

CH2Br2 due to vertical mixing and/or chemical loss (Figure 

III–6) (Zhou et al., 2008). Mean mixing ratios range from 

2.9 ppt and 1.0 ppt of CHBr3 and CH2Br2, respectively, 

below 1km altitude to 0.4 ppt and 0.7 ppt above 1km 

height (Zhou et al., 2008). Quack and Wallace, (2003) 

estimate ~0.02 Gmol of CHBr3 in the MBL. Due to common 

sources atmospheric CHBr3 and CH2Br2 mixing ratios show 

strong linear correlations.  To identify similar pathways of 

either biological or chemical production CH2Br2/CHBr3 

ratios are used to characterize the origin of the air mass 

(Carpenter et al., 2003, Yokouchi et al., 2005). The lower the ratio value the higher is the CHBr3 

concentration towards CH2Br2 which indicates a strong local source. Zhou et al. (2008) found 

atmospheric concentration ratios CH2Br2/CHBr3 ranges from 0.13 to 0.16 from coastal 

measurements.  

Figure III – 6. Tropospheric vertical 

distribution of CHBr3 and CH2Br2 at the 

coastal region of the Gulf of Maine (air 

craft measurements between 42.0-43.5° N 

and 69.5-71.0° W) (Zhou et al., 2008). 
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A simple diagram from Salawitch (2006) 

summarizes the most important pathways 

of bromocarbons in the troposphere and 

lower stratosphere (Figure III–7). Including 

bromine chemistry in model simulation 

showed that bromine influences 5-30 % of 

the global tropospheric ozone budget 

depending on location and season (von 

Glasow et al. 2004, Yang et al. 2005). 

Tropospheric ozone can by destroyed by 

direct (catalytic loss initiated by the reaction 

of BrO with HO2) and indirect (NOx removal 

via bromine nitrate hydrolysis) effects 

(Hönninger and Platt, 2002). 

Once emitted into the atmosphere, CHBr3 and CH2Br2 are degraded either via reactions with hydroxyl 

radicals (OH), Cl (chloride), NO (nitrous monoxide) or photolysis in the atmosphere resulting in 

inorganic bromine Bry (Bry= Br+BrO+HOBr+BrCl+HBr+BrONO2). The dominant loss process for CH2Br2 

is the reaction with OH while for CHBr3 it is 

photolysis. Both react rapidly with oxygen (O2) and 

are assumed to be removed via reaction with NO 

and HO2. The major end products of atmospheric 

bromoform are CBr2O and CHBrO which degrade to 

Br-atoms via photolysis. CHBrO and Bry are 

expected to be the major end products for 

atmospheric CH2Br2. Bry are removed from the 

troposphere by washout (Ko and Poulet et al., 2003; 

Yang et al., 2005; Hoassaini et al., 2010), oxidation 

of mercury, reaction with ozone or particle 

formation (aerosols) (Saiz-Lopez et al., 2012a). Measurements at the weather station in Alert 

(Canada) showed the seasonal fluctuation of surface ozone via tropospheric bromine atoms (Figure 

III–8). The most rapid decrease in bromine is observed during polar sunrise (Barrie et al., 1988). It has 

been shown that the destruction is caused by Bry compounds such as Br2, BrCl and HOBr that 

originate from bromide in sea salt particles (Finlayson-Pitts, 2010).  

Figure III – 7. Bromine chemical reactions and transport 

through the atmosphere. The bromocarbons CHBr3 and 

CH2Br2 are naturally produced in the ocean. Emitted into 

the troposphere they are decomposed by the reaction 

with OH and sunlight (Salawitch, (2006). Most of CHBr3

decayed to BrO which could take part in stratospheric

ozone depletion. 

Figure III – 8. Reduction of tropospheric ozone via 

filterable Br-atoms at Alert (Canada) (Barrie et al., 

1988). 
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Anthropogenic emissions account for approximately 75 % of the total bromine in the stratosphere. 

The remainder is thought to arise from biogenic VSLS such as CHBr3 and CH2Br2. Modeling studies 

and field measurements suggest that bromoform contributes significantly (30 to >60 %) to inorganic 

bromine within the upper troposphere and lower stratosphere (Law and Sturges et al., 1997; 

Schauffler et al., 1998; Dvortsov et al. 1999). In the stratosphere bromine is involved in several 

catalytic cycles effectively destroying stratospheric ozone (cycles 2, 4, 6 and 8 including bromine are 

listed below) (Table III–2): 

Table III – 2. Stratospheric catalytic ozone destroying cycles including bromine according to Daniel et al. 

(1999). M indicates a catalyzer.  

 

2.1.2. Methyl iodide 

CH3I mixing ratios range from 0.2 to 3 ppt in the boundary layer varying from pole to pole with 

enhanced concentrations in the tropics and subtropics (Rasmussen et al., 1982; Yokouchi et al., 

2010). Near coastal areas or over biologically productive oceans higher CH3I concentrations were 

found in the atmosphere. Oram and Penkett (1994) measured CH3I mixing ratios of 43 ppt at the 

Atlantic coast (eastern England). Seasonal variation in atmospheric CH3I with maxima in 

summer/autumn was found by Rasmussen et al. (1982) and Yokouchi et al (2001).  

Primary cycle during polar springtime in lower 

stratosphere (Cycle 2): 
 

Br + O3 → BrO + O2 

Cl + O3 → ClO + O2 

ClO + BrO → Br + ClO2 

ClO2 + M → Cl + O2 + M 

Net: 2O3 → 3O2 

 

Lower stratosphere in midlatitudes  

(Cycle 6): 
 

NO + O3 → NO2 + O2 

Br + O3 → BrO + O2 

BrO + NO2 + M → BrONO2 + M 

BrONO2 + hν → Br + NO3 

NO3 + hν → NO + O2 

Net: 2O3 → 3O2 

 

Lower stratosphere in midlatitudes  

(Cycle 4): 

 

OH + O3 → HO2 + O2 

Br + O3 → BrO + O2 

BrO + HO2 → HOBr + O2 
HOBr + hν → Br + OH 

Net: 2O3 → 3O2 

 

Middle and upper stratosphere: 

(Cycle 8): 

 

Br + O3 → BrO + O2 

BrO + O → Br + O2 

Net: O3 + O → 2O2 
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Three catalytic ozone depletion cycles in the troposphere including iodine are known (Liss and 

Johnson, 2014): 

 

O3 can be depleted by IO radicals through its self reaction to form OIO 

radicals (Cycle 1). This ozone depletion reaction becomes most important 

when IO concentration is more than several ppt. The reaction with HO2 

radicals (Cycle 2) takes place with lower iodine mixing ratios.  

 

HOI is the most abundant inorganic gas and reaches maximum mixing 

ratios of 2 ppt at daytime. Cycle 3 describes the ozone depletion due 

to IONO2 formation in semi-polluted regions, like industrial areas. 

 

 

 

HOI and IONO2 can also be removed to sea-salt aerosols (i.e. HOI reaction 

with Cl- and Br- to ICI and IBr), sulfate aerosols and/or IONO2 is assumed 

to react with I-atoms to recycle back to I2. Solomon et al. (1994) suggest 

that iodine could passes similar ozone destruction cycles in the 

stratosphere as chlorine and bromine with minor efficiently compared to 

BrO and ClO. Regarding its lower photochemical stability, CH3I might only 

play a minor role in stratospheric ozone depletion (Zafiriou, 1977). 

 

3. Transport into the stratosphere 

Once emitted from the ocean the halogenated compounds CHBr3, CH2Br2 and CH3I are transported 

from the MBL into the free troposphere and can even reach the stratosphere. Due to the short 

lifetime of CH3I the research community believed that this kind of VSLS and such of even shorter 

lifetimes might not reach the stratosphere (Montzka and Reimann, 2010). This is the case unless this 

compound is directly emitted into a deep convective cell in the tropics (Figure III–11). Tropical 

overshooting convection can rapidly inject surface air into the upper tropical tropopause layer (TTL) 

and to the stratosphere (e.g. Ricaud et al., 2007; Aschmann et al., 2011) which is also simulated by 

different models (Donner et al., 2007). The transport of VSLS through the troposphere depends on 

the region and season of VSLS emission, as well as on wash out, atmospheric losses (reaction with O3, 

OH, photolysis) and duration of deep convective lifting in the tropics (Aschmann et al., 2009). The 

tropical Western Pacific is identified as a region where VSLS emissions can be efficiently transported 

Cycle 1: 

 
IO + IO → I + IOI 

OIO + hν → I + O2 

(I + O3 → IO + O2) x 2 

net: 2O3 → 3O2 

 

Cycle 2: 

 
IO + HO2 → HOI + O2 

HOI + hν → I + OH 

I + O3 → IO + O2 

net: HO2 + O3 → OH + 2O2 

 

Cycle 3: 

 

IO + NO2 → IONO2 

IONO2 + hν → I + NO3 

I + O3 → IO + O2 

NO3 + hν → NO + O2 

NO + O3 → NO2 + O2 

net: 2O3 → 3O2 
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to the TTL compared to other 

ocean regions (Aschmann et 

al., 2009). The TTL is the 

interface between the two 

different dynamical 

atmospheric regimes the 

troposphere and the 

stratsophere and is rouhfly 

difined as the level of 

temperature minimum (“cold 

point tropopause (CPT)”). A 

more detailed schematic of 

the TTL is presented by Fueglistaler et al., (2009a) in figure III–11 which illustrates tropical deep 

convection reaching the altitudes of 10-15 km. The TTL is devided into two levels. The lower TTL is 

dominated by convection and is above the level of main convective outflow (12 km/345 K). However, 

cloud formation can even reach the startosphere. The upper TTL is located between the level of 

clear-sky zero radiative heating (zO) to the CPT (17 km/380 K). Sherwood and Dessler (2003) termed 

the zO level the “stagnation surface”. A particel has to be lifted above the zO to enter the 

stratosphere. The resisidence time through the upper TTL is estimated by 25 to 45 days (Krüger et al., 

2009). Additionally, the transport through the TTL varies with season–highest VSLS concentrations 

are found in the northern hemispheric (NH) winter due to higher convective cloud tops reaching the 

TTL (more for CHBr3 than for CH2Br2) and higher vertical velocities within the TTL  (Fueglistaler et al., 

2009a). 

After entering into the upper TTL vertical circulation driven by atmospheric waves transport upper 

trace gases from the tropics to the extratropics (Brewer Dobson Criculation). In the next section the 

amount of atmospheric CHBr3, CH2Br2 and CH3I concentrations and their breakdown products 

entering the TTL is described.  

 

4. (Chemical) transport models 

There are different types of models which one can use to estimate the amount of total inorganic 

bromine (Bry) and total inorganic iodine (Iy) transported into the stratosphere. Chemical transport 

models (CTM) focus on modeling atmospheric chemistry by solving the continuity equation for the 

compound of interest. CTMs include the whole chemical fate (emission strength, sources, sinks, 

reaction pathways) of the trace gas. General circulation models (GCM), on the other hand, simulate 

Figure III – 11. Schematic diagram showing the principals of dynamical 

pathways in the tropics transporting VSL source gases and their break 

down products into the stratosphere (modified from Fueglistaler et al., 

2009a). The black bold line illustrate the tropopause.   
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the overall atmospheric dynamics by solving the primitive equations. Using output fields (e.g. 

temporally and spatially highly resolved meteorological fields) from GCMs for CTMs and vice versa 

can reduce computer costs and improve the model performance. CTMs are further classified 

according to their methodology into Eulerian or Lagrangian models (Jacob, 1999). The Eulerian 

method is based on solving the continuity equation for a fixed frame of reference, while the 

Lagrangian CTMs use a moving frame of reference.     

Product gas (PGI) and source gas injection (SGI) efficiency reaching the TTL depends on chemical loss 

(OH and photolysis) and rate of removal (wet deposition). SGI describes the entering of a VSLS into 

the stratosphere in the same form as it is emitted from the surface and PGI represents the injection 

of their breakdown products into the stratosphere. The Bry amount coming from natural VSLS like 

bromoform and dibromomethane or for Iy from methyl iodide emissions is a crucial and uncertain 

factor. Observations and modeling results estimate a total Bry in the stratosphere of 19.5-24.5 ppt 

(Montzka and Reimann, 2011) which cannot be explained by CH3Br and halones alone – a significant 

amount has to come from other sources, most likely from VSLS (Figure III–2). CHBr3 and CH2Br2 

account for >80 % VSL organic bromine in the MBL and free troposphere and are expected to 

account for a large fraction of stratospheric Bry (WMO, 2007). Some studies suggest that the 

combination of more minor VSLS as CH2BrCl, CHBr2Cl, CHBrCl2 or C2H5Br may contribute a significant 

amount of bromine. The amount of bromine reaching the stratosphere from VSLS is highly 

dependent on season and distribution of surface emissions (Bridgeman et al., 2000). 

There are several kinds of (chemical) transport models calculating the total bromine entering the 

stratosphere where they are involved in ozone depletion (Liang et al., 2010). The model results vary 

substantially spanning a range of 0.8-7 ppt Bry from VSLS reaching the stratosphere (Table III–3). 

Earlier studies range from 1.1 to 1.9 ppt Br from CHBr3 (Dvorstov et al., 1999 and Nielsen and 

Douglas, 2001) using a uniform net global flux for this compound (3x108 kg yr-1 to 5x108 kg yr-1). They 

found that convection is needed to transport CHBr3 into the stratosphere. Sinnhuber and Folkins, 

(2006) assumed a varying lifetime of Bry due to washout of 10 to 30 days in the TTL and estimate 

inorganic bromine of 0.8 to 2.1 ppt deriving from CHBr3 of both SG and PG entering the stratosphere. 

A maximum of 6-7 ppt Bry reaching the TTL is calculated by Warwick et al. (2006) including five 

brominated compounds (about 3.4 to 4 ppt Br deriving from CHBr3). They were the first using a not 

uniform global sea-to-air flux fields as source for bromocarbons. Aschmann et al. (2009) indicate that 

the most effective region is the West Pacific accounting for 55 % of the stratospheric Bry from CHBr3. 

Hoassaini et al. (2010) calculated a total Bry from CHBr3 and CH2Br2 of 2.4 ppt                            

(= CHBr3 (0.72 ppt, ~53 % SG), CH2Br2 (1.69 ppt, 94 % SG)) using a constant washout life time of 10 

days for Bry resulting in 60 % loss of bromine from CHBr3 and CH2Br2. The later study of Hossaini et al. 

(2012) found that 10 days of washout is too short and updated convection by mass flux scheme, 
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detrainment rates and altitude dependent wet deposition of Bry. Further they used tropical surface 

atmospheric mixing ratio fields as the bromocarbon source. Liang et al. (2010) used a detailed wet 

and dry deposition scheme to calculate Bry loss and showed a removal of 85 % by wet deposition 

below 500 hPa. They calculated an injection of 5 ppt of Bry deriving from CHBr3 and CH2Br2 into the 

stratosphere. A model comparison study published in Aschmann et al. (2011) using on the one hand 

a full scheme state-of-the-art chemistry and on the other hand a simplified setup with idealized 

tracers presented similar bromine injection into the TTL for CHBr3 and CH2Br2 (4.9-5 ppt  Bry 

calculated with the full chemistry model to 3.4-5 ppt Bry determined with simple chemistry). They 

concluded that nearly all bromine from VSLS reaches the TTL in areas of deep convection. Further, 

they suggest that fluxes of VSLS into the TTL are controlled by the distribution of VSLS in the surface 

and the pathways by which VSLS enters deep convective lifting (Aschmann et al., 2011). Tegtmeier et 

al. (2012) used the Lagrangian particle dispersion model FLEXPART (FLEXible PARTicle dispersion 

model) to simulate the atmospheric transport of CHBr3 and CH2Br2 from the oceanic surface into the 

upper troposphere and TTL. FLEXPART is an offline model driven by meteorological fields. It includes 

parameterizations for moist convection, dry deposition and in-cloud as well as below cloud 

scavenging and the simulation of chemical decay (Stohl et al., 2005). Compared to most Eulerian 

models the FLEXPART model resolves the MBL and free troposphere and connected local emissions 

with convection. CHBr3 and CH2Br2 emissions from the West Pacific contribute to the stratospheric 

bromine budget with 0.4 ppt Br on average and 2.3 ppt Br for cases of maximum emissions. There 

are no model results for iodine loading from CH3I into the stratosphere. Aircraft campaigns lead to 

the conclusion that no more than 0.05 ppt of iodine enters the stratosphere in the form of the source 

gas CH3I (Montzka and Reimann, 2011).  

As shown in this chapter there exist several model studies using different parameterizations of 

convection, transport and atmospheric sink processes as well as different sources which leads to a 

wide range of stratospheric bromine loading estimates (Table III–3). Strength and distribution of VSLS 

emissions are nearly always a significant source of uncertainty in any CTM system and constitute a 

main difference among the models (Section III.5). 



 

 

 

Table III – 3. Summary of different kinds of models calculating the total bromine (Bry) loading into the stratosphere under several initial conditions (more description in the text). 

Reference Short model discription  Method VSLS 
Bry from VSLS 

[ppt] 
Forcing 

Dvorstov et al. (1999) 3D CTM Eulerian CHBr3 1.9 uniform, global flux: 3x108 kg yr-1 

Nielsen and Douglas (2001) 3D PCTM  (parameterized chemistry and 

transport model), resolution: 2.5° x 2° 
Semi-

Langrangian 
CHBr3 1.1 uniform, global flux: 5x108 kg yr-1 

Sinnhuber and Folkins (2006) 2D mechanistic model  Eulerian CHBr3 0.8 to 2.1  uniform, 1 ppt 

Warwick et al. (2006) 3D CTM, resolution: 2.8° x 2.8°, simple chemistry Eulerian 
CHBr3,CH2Br2,CH2BrCl 

CHBr2Cl,CHBrCl2 
6 – 7  non uniform, global flux estimates 

Gettleman et al. (2009) 1D model simple transport, convective source 

and parameterized loss 
Eulerian CHBr3 and CH2Br2 1.1 to 4.1 mean boundary concentrations:  

1.1 ppt for CHBr3, 1.6 ppt for CH2Br2 
Aschmann et al. (2009) 3D CTM, chemistry included, resolution:  

2.5° x 3.75°, 29 vertical level, (10-55 km) 
Eulerian CHBr3 1.6 to 3 uniform, 1 ppt in the MBL 

Hoassaini et al. (2010) 3D CTM, resolution: 5.6° x 5.6°, 38 vertical levels Eulerian CHBr3 and CH2Br2 2.4 mean mixing ratios 1.2 ppt for both  
Liang et al. (2010) CCM with coupled GCM , resolution: 2° x 2.5°, 72 

vertical levels 
Semi-

Langrangian 
CHBr3 and CH2Br2 5.0 

non uniform, 425 Gg Br yr-1 (CHBr3), 
57 Gg Br yr−1 (CH2Br2) 

Aschmann et al. (2011) same as Aschmann et al. (2009) plus full scheme 

state of the art chemistry 
Eulerian CHBr3 and CH2Br2 4.9 to 5  1 ppt mixing ratio for both 

Hossaini et al. (2012) same as Hossaini et al. (2010) plus additional 

mass flux scheme and altitude-dependent wet 

deposition   
Eulerian 

CHBr3,CH2Br2, 

CH2BrCl,CHBr2Cl, 

CHBrCl2,C2H5Br 
4.9 to 5.2  tropical surface mixing ratios  

Tegtmeier et al. (2012) Lagrangian particle dispersion model FLEXPART, 

offline 
Lagrangian CHBr3 and CH2Br2 0.4 to 2.3* local measured emissions 

Aschmann and Sinnhuber 

(2013) 
same as Aschmann et al. (2009)  Eulerian CHBr3 and CH2Br2 4.5 to 6  1 ppt mixing ratio for both 

* only West Pacific 
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5. Global emission estimates 

A key problem for modeling marine bromine and iodine transport from the ocean to the 

stratosphere is a correct description of the halocarbon sources. As input for CTMs global halogen 

emission inventories are needed. Different sea-to-air flux estimates are found in the literature; 

including extrapolation methods (e.g. using emission ratios CHBr3/CH2Br2), bottom-up and top-down 

approaches, as well as laboratory experiments. Their global emission magnitudes and distributions 

are strongly varying because of the high geographical and temporal variability.  

The first global emission estimates focused on CHBr3 being the largest single source of atmospheric 

bromine from bromocarbons. The results covered a wide range from 200 Gg yr-1 to over                

1000 Gg CHBr3 yr-1 and are all globally uniformly distributed (Penkett et al., 1985; WMO, 1998; 

Dvortstov et al., 1999; Carpenter and Liss, 2000; Nielsen and Douglass, 2001). In example, Carpenter 

and Liss (2000) made the first estimates from macroalgae and seaweed biomass leading to CHBr3 

production, added them with non kelp emission rates and extrapolate the combination onto a global 

scale. 

Taking into account the geographical distribution of halocarbons global bottom-up emission 

estimates are calculated. Therefore, measured surface atmospheric and oceanic concentrations of 

halocarbons are interpolated onto a global scale and have yielded bottom-up emission estimates of 

between 2.8 and 10.3 Gmol Br yr−1 for CHBr3 and between 0.8 and 3.5 Gmol Br yr−1 for CH2Br2 (Quack 

and Wallace, 2003; Yokouchi et al., 2005; Butler et al., 2007; O’Brien et al., 2009). Yokouchi et al. 

(2005) and O’Brien et al. (2009) extrapolated a measured coastal emission ratio CHBr3/CH2Br2 to the 

globe whereas Quack and Wallace (2003) and Butler et al. (2007) interpolated oceanic and 

atmospheric in-situ measurements for global emission estimates.      

With increasing knowledge of the compounds and computer capacity costly modeling studies of 

emission estimates which reproduce (measured) background atmospheric concentrations of 

halocarbons are provided (‘top down’ approach). These top-down emission estimates range between 

5.4 and 7 Gmol Br yr−1 for bromoform and between 0.7 and 1.4 Gmol Br yr-1 for dibromomethane 

using different atmospheric transport models (Warwick et al., 2006; Kerkweg et al., 2008; Liang et 

al.,2010; Pyle et al., 2011; Ordonez et al., 2012). Warwick et al. (2006) modelled surface mixing ratios 

using e.g. the bottom-up scenario of Quack and Wallace (2003) and fitted them to available 

atmospheric measurements. Later, based on local measurements in Southeast Asia Pyle et al. (2011) 

reduced the emission scenario of Warwick et al. (2006) in that region. This study shows the 

importance of field measurements. A finer classification of the emission estimates is shown in Liang 

et al. (2010) and Ordonez et al. (2012) where especially the coastlines are considered with higher 

emission values. Ordonez et al. (2012) were the first who parameterized oceanic 
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polybromomethanes emissions based on a chl a dependent source in the tropical ocean (20° N and 

20° S). Additionally, a parameterization for oceanic bromoform concentrations covered by a 

homogenous atmosphere estimates a flux of 1.45 Gmol yr−1 for CHBr3 between 30° N and 30° S 

(Palmer and Reason, 2009).  

Model studies and data interpolations estimate global CH3I emissions between                            

2.4 and 4.3 Gmol I yr−1 (Bell et al., 2002; Butler et al., 2007; Ordonez et al., 2012). The first seasonal 

model simulations of global oceanic and atmospheric CH3I surface concentrations is given by Bell et 

al. (2002).  

Smythe-Wright et al. (2006) extrapolated a laboratory culture experiment with Prochlorococcus 

marinus to a global CH3I emission estimate of 4.2 Gmol I yr−1, whereas the study of Brownell et al. 

(2010) disputed the result of Smythe-Wright et al. (2006) and suggests that P. marinus is not 

significant on a global scale. 

The wide spread of emission estimates illustrate a large uncertainty especially for CHBr3. To 

determine the role in tropospheric and stratospheric chemistry highly resolved and measurement 

based emission maps of CHBr3, CH2Br2 and CH3I are needed. 

 

6. Objectives and outline of this dissertation 

In recent years, the interest on the distribution of very short lived halogenated substances (VSLS) in 

ocean and atmosphere and the magnitude of their sea-to-air flux has grown significantly in order to 

quantify their role in tropospheric and stratospheric ozone loss. As outlined above, many 

uncertainties exist in their formation processes, sources, sinks and chemical fates in both, the ocean 

and the atmosphere. Global emission magnitudes and distributions are not well constrained because 

of their high geographical and temporal variability, and the sparseness of available in-situ 

measurements which only allows to derive emission estimates at a coarse grid resolution. As a result, 

global emission estimates of halogenated VSLS are poorly quantified (Hossaini et al., 2010), but are 

needed as input for atmospheric modeling studies (Figure III–2) for calculating reliable  bromine and 

iodine budgets in both the troposphere and the stratosphere. The tropical ocean was identified to be 

a key region for enhanced halogenated emissions (Butler et al., 2007) and for the transport of large 

amounts of VSLS into the stratosphere (Aschmann et al., 2009). The transport of halocarbons and 

their product gases into the stratosphere depends on several chemical and physical (e.g. wet 

scavenging and duration of convection) interactions (Liang et al., 2010), which are not fully 

understood. High uncertainties exist in the parameterization of convection in models (Tost et al., 

2010) as well as in the knowledge of the atmospheric lifetime of inorganic iodine (e.g., Dix et al., 

2013) or bromine. How and in which way the emissions will change in a future environment and how 
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they will affect the stratospheric ozone loss is also still unclear. Figure III–12 shows an overview of 

the present knowledge described above, the uncertainty in the estimates and the gaps. 

 

 

Figure III – 12. Schematic overview of the present knowledge and understanding of VSLS global emission 

inventories, transport into and loading in the TTL in a present and future climate. The numbers illustrate in 

which manuscript of the thesis the process is investigated. 

* Montzka and Reimann (2011) 

** Hossaini et al. (2012b) 

 

This thesis includes the first compilation of existing air and sea water measurements into a data base 

for halocarbons, the calculation of global CHBr3, CH2Br2 and CH3I emission estimates based on this 

comprehensive data set, and an assessment of potential future changes of marine VSLS emissions. 

Furthermore, the relevance of oceanic CHBr3, CH2Br2 and CH3I emissions for recent past and future 

stratospheric ozone is investigated (Figure III–12). The work has been embedded into several 

projects: The Leibniz (WGL)-project TransBrom (Very short lived bromine compounds in the ocean 

and their transport pathways into the stratosphere), within the frame of the Pact for Research and 

Innovation 2009 the EU-project SHIVA (Stratospheric ozone: Halogen Impacts in a Varying 

Atmosphere SHIVA) supported by the European commission and the SOPRAN (Surface Ocean 

PRocesses in the ANthropocene) project supported by the German Federal Ministry of Education and 

Research (BMBF). Further, SOLAS Integration (Surface Ocean and Lower Atmosphere Study) helped 

to instigate the data base, also supported by COST (European COoperation in Science and 
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Technology) Action 735. The main research tasks with regard to five manuscripts are described in the 

next paragraphs. 

  

1. Compilation of the global data base HalOcAt based on existing air and sea water 

measurements of halogenated compounds  

2. Production of best estimates of sea-to-air fluxes from a bottom-up approach of three 

important short-lived halocarbons CHBr3, CH2Br2 and CH3I based on HalOcAt 

While global emissions of brominated volatile organic compounds with short atmospheric lifetimes 

have a significant influence on the bromine and iodine loading of the stratosphere, the magnitude 

and nature of their sources and oceanic emissions are poorly understood. Emissions estimates based 

on atmospheric modeling studies (top-down), parameterizations and bottom-up methods show large 

uncertainties (Section III.5). In order to improve previously derived global emission inventories of the 

halogenated compounds CHBr3, CH2Br2 and CH3I it is necessary to include more measurements in 

critical regions (e.g., in upwelling and tropical waters). The core and fundament of this thesis is 

presented in the first manuscript “Global sea-to-air flux climatology of bromoform, dibromomethane 

and methyl iodide”, which includes the publication of the first database for halocarbons HalOcAt 

(Halocarbons in the Ocean and Atmosphere) and the calculation of emission inventories of CHBr3, 

CH2Br2 and CH3I on the basis of this new database. Filling the missing values in regions where no 

measurements are available in order to derive the global estimate is a large challenge, which has 

been met by finding the most reliable way for inter- and extrapolation based on our limited 

knowledge. 

 

3. Contribution of CHBr3 and CH2Br2 to the stratospheric bromine (Bry) budget based on global 

emission inventories – a sensitivity study 

To simulate the inorganic bromine (Bry) loading of the stratosphere in order to quantify its impact on 

ozone depletion (Figure III–2) it is necessary to include global emission inventories of the significant 

marine sources into atmospheric transport models (e.g. chemical transport models (CTM)). Several 

global emission estimates for CHBr3 and CH2Br2 already exist (Section III.5), which are the results of 

different calculation techniques and lead to a wide range of stratospheric bromine loading estimates 

(Section III.4). Three top-down and one bottom-up (first manuscript) emission inventories of CHBr3 

and CH2Br2 are used as input for global CTM model runs and the derived atmospheric concentration 

are compared in both their magnitude and spatial distribution with measurements from aircraft 

campaigns and at long-term time series from ground based stations. The best agreement has been 

identified for a combination of different CHBr3 and CH2Br2 emission inventories which are illustrated 

in the second manuscript “Evaluating global emission inventories of biogenic bromocarbons”. 
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4. Calculation of iodine transport from the tropical surface ocean into the stratosphere based 

on global CH3I sea-to-air fluxes  

Emission inventories and atmospheric transport of CH3I are poorly constrained. Emitted into the 

troposphere, oceanic CH3I is degraded and involved in several atmospheric iodine cycles or it can be 

transported into the TTL where it might contribute to ozone degradation. There are no model results 

for iodine transport from CH3I in the stratosphere. Aircraft campaigns led to the conclusion that no 

more than 0.05 ppt of iodine enters the stratosphere in the form of the source gas CH3I (Montzka 

and Reimann, 2011). A more significant contribution of oceanic CH3I to the stratospheric iodine 

budget in the Western Pacific has been quantified in the third manuscript “The contribution of 

oceanic methyl iodide to stratospheric iodine” by using the emission inventory from the first 

manuscript and the Lagrangian transport model FLEXPART. 

 

5. Estimating CHBr3, CH2Br2 and CH3I emissions in a future changing environment 

A future increase of stratospheric bromine loading including CHBr3 and CH2Br2 due to intensified 

vertical transport into the stratosphere has been projected (Pyle et al., 2007, Dessens et al., 2009, 

Hossaini et al., 2012b). However, the effect of climate change on the oceanic emissions of CHBr3, 

CH2Br2 and CH3I is still unknown. The global contemporary maps of oceanic concentrations and 

atmospheric mixing ratios from the first manuscript where combined with future physical input 

parameters of two different scenarios from the three CMIP 5 (fifth phase of the Climate Model 

Intercomparison Project, 2013) models; MPI-ESM-LR, CESM1-CAM5 and HadGEM2-ES (Collins and 

Knutti et al., 2013) to calculate emission projections of halogenated compounds in the fourth 

manuscript “Future emissions of marine halocarbons”. 

 

6. Determination of  future impact of CHBr3 on stratospheric ozone  

The natural ozone-depleting substances with chemical lifetimes of less than 6 months such as CHBr3 

are not controlled by the Montreal Protocol, while they are suggested to increase in the future. 

Ozone depletion potential (ODP)-weighted emissions illustrate a new possibility to estimate the 

overall impact on oceanic bromine emissions on stratospheric ozone loss in the future. 

The global emission strength of CHBr3 derived from the fourth manuscript and the ozone-destroying 

capabilities are combined to calculate ODP - weighted emissions. The ODP-weighted emissions of 

CHBr3 where compared to the ODP of long-lived substances in the fifth manuscript “Oceanic bromine 

emissions weighted by their ozone depletion potential”. 
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IV. Method 

In the following sections the most complete compilation of existing air and sea water measurements 

into the first data base for halocarbons is introduced which is used to calculate global CHBr3, CH2Br2 

and CH3I emissions for the recent past and the future. The challenge is to fill all missing values for the 

global estimate. Due to low data coverage a new interpolation technique is developed in this thesis 

considering the biogeochemical character of the VSLS compounds (Section III.1). Further, the air-sea 

gas exchange flux theory and its conversion to the VSLS compounds with emphasizes on the air-sea 

gas exchange velocity is presented. The last section focuses on global ongoing environmental 

changes due to rising anthropogenic greenhouse gases emissions. Based on future model predictions 

emission estimates of CHBr3, CH2Br2 and CH3I are calculated, based on the changing physical forcings 

of air- sea gas exchange.   

1. HalOcAt database 

The HalOcAt (Halocarbons in the Ocean and Atmosphere) database project 

(http://halocat.geomar.de) has been initiated to work with the research community to bring 

together global oceanic and atmospheric halocarbon data with an emphasis on short-lived 

brominated and iodinated trace gases from the surface ocean and lower atmosphere. The project 

aims to utilize data collected during numerous hydrographic cruises and from other relevant 

platforms and to assemble a global database which would represent a substantial resource that will 

be made available to the community.  

The raw data, which is obtained from individual PI’s and data bases, is filled into a predefined 

template MS EXCEL-sheet in order to extract them with an own MATLAB® script for further 

calculations. The template involves three parts; 

(i) meta data includes fields for: platform type and name, expedition name, cruise start and 

end, EXPOCODE, dataset creator, PI contact details, HOST data centre, relevant 

publications, sampling technique, method, detection limits, calibration technique, used 

standard, additional data (i. e. wind speed, SST, Chl a) and an extra table for detection 

limit and precision of every measured halogenated compound   

(ii) atmospheric data and  

(iii) seawater data involve: sample identifier, sampling gear, date, sample start and end, 

sample depth, bottom depth, water/air temperature, (salinity), quality control comments 

and the concentrations in ppt or pmol L-1 for each measured compound in the 

atmosphere or in the ocean (CH3I, CH2I2, C2H5I, C3H7I, C4H9I, CH3Br, CHBr3, CH2Br2, C2H5Br 

CH3Cl, CHCl3, CH2Cl2, C2HCl3, C2Cl4, CH2ICl, CH2IBr, CHIBr2, CHBr2Cl, CHBrCl2) 
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The quality control is provided by the data set creator. Different analysis techniques and 

standardization techniques are used for measuring halogenated compounds. Currently, no robust 

criterion for quality check and data selection was identified and no overall intercalibration control 

exists due to sparse knowledge about the applied standards and the highly variable compound 

distributions. As an example, the oceanic and atmospheric measurements of CHBr3 from the HalOcAt 

database are shown in figure IV–1. 

 

Figure IV – 1. Global distribution of bromoform measurements in the atmosphere (left panel) and in the 

ocean (right panel) of the HalOcAt database. 

1.1. Extrapolation of the HalOcAt data  

In this thesis the calculation of global emission fields of the three halogenated compounds 

bromoform, dibromomethane and methyl iodide started with the generation of global oceanic 

concentration and atmospheric mixing ratio maps. All available oceanic and atmospheric surface data 

of CHBr3, CH2Br2 and CH3I from the HalOcAt database (Table IV–1) were used to first calculate global 

maps of the compound CHBr3. The global coverage of the surface seawater and atmospheric 

measurements of the three VSLS compounds are shown in the first manuscript (Ziska et al., 2013). 

The challenge of filling all missing values for a global estimate, based on limited knowledge, was to 

find the best and most realistic way for inter- and extrapolation. 

 

DMS (Kettle et. al, 1999; Lana et al., 2011) and CO2 

(Takahashi et al., 2009) interpolation methods for the 

development of global data coverage were considered 

in our approach of the construction of climatological 

concentration maps. However, the conversion of the 

used technique for DMS or CO2 to the halocarbon 

dataset was not possible due to less data coverage.      

      The halocarbon database the total number of available 

Compound 
Amount of 

atmospheric  

data 

Amount of 

oceanic 

data 

CHBr3 5255 5305 

CH2Br2 5227 4824 

CH3I 4580 4952 

Table IV – 1. Number of atmospheric and 

oceanic data of the halogenated 

compounds CHBr3, CH2Br2 and CH3I from 

the HalOcAt database (data from 1989 to 

2011). 
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Figure IV – 3. A first assessment of an atmospheric in ppt (left panel) and marine interpolated CHBr3 sea 

surface concentrations in pm L
-1

 (=pmol L
-1

) (right panel) from HalOcAt data, based on a linear interpolation 

into Longhurst et al. (1995) biogeochemical regimes, including a regression analysis of open ocean, shelf and 

coastal latitudinal gradients. 

 

Other extrapolation methods will be tested, since the regionally sharp boundaries and temporal 

homogeneity of regional data, seem unlikely (Figure IV–3). In fact, only 4 % of the global ocean is 

covered with existing data on the 1° x 1° grid, thus 96 % are inter-and extrapolated.  

The data division into coast, shelf and open ocean data seemed plausible and was maintained for a 

next approach. Further, a Gauss-Marcow-Smoothing was used to transfer the data into the global   1° 

x 1° grid and to broaden the dataset. This technique calculates the grid point percentage of the 

surrounding data position, which is located in the discrete Gaussian bell area. Because of the 

homogeneity of the open ocean the Gaussian Bell area is wider (3°) than for the coast or shelf region 

(1°) (Figure IV–4).  

Figure IV – 4. Transferring the original data onto 1°x1° grid and boarding the data set with the Gauss-Marcow 

Smoothing technique to calculated global surface atmospheric CHBr3 mixing ratios in ppt (left panel) and 

marine CHBr3 concentration map in pmol L
-1

 (right panel). A figure of the original data is shown in the first 

manuscript (Ziska et al., 2013). 

Open ocean surface CHBr3 concentrations in the ocean and atmosphere show a latitudinal and 

longitudinal variation. For the further extrapolation of the data, the open ocean data of the ocean 

and atmosphere were divided into four atmospheric and four oceanic latitudinal regions for each 

hemisphere (Figure IV–5) as well as into four ocean basins (Figure IV–6) in order to take the physical 
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Additionally, the (multiple) linear regression 

technique “stepwise fit” on different cruise 

parameters (e.g. longitude, latitude, mixed layer 

depth, Chl a, U, SST, SSS, pigments) was applied in 

order to parameterize oceanic CHBr3 

concentrations. The best parameterization of 

CHBr3 was found as linear combination of three 

pigments chlorophyll c1+2, lutein and alpha 

carotene (Figure IV–7). However, this correlation 

was only seen for one cruise in the western Pacific 

(Krüger and Quack, 2012). Further, these 

parameters are not available for global fields for 

the past or the future.  

 

2. Air-sea gas exchange 

Air-sea gas exchange is important for the biogeochemical cycling of elements and for climate and 

weather. Increasing uptake of CO2 (from the atmosphere to the ocean) due to anthropogenic 

pollution or the exchange of water vapor from the ocean to the atmosphere producing different 

types of clouds (regulation of radiation transfer), are only two processes illustrating the global 

relevance of the air-sea-gas exchange mechanism.   

On regional and global scale the air-sea gas exchange is the most important sink mechanisms for 

CHBr3, CH2Br2 and CH3I from the oceanic mixed layer (Section III.1). This process can also act as a 

source for the compound into the ocean, if the surface water is under saturated, which can be the 

case especially in colder regions due to the large variability of the compounds sources and 

concentrations (Garbe et al., 2014). 

 

 

 

 

 

 

Figure IV – 7. First approach determining a 

parameterization of marine CHBr3 based on the

measured biological compounds chlorophyll c1+2, 

lutein and alpha carotene. Blue line indicates the 

original CHBr3 data (transit cruise in the West 

Pacific) and the black dashed line the modeled 

CHBr3 value. 
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Table IV - 2. Henry’ law coefficients of CHBr3, 

CH2Br2 and CH3I. SST is the sea surface 

temperature in Kelvin. 

The theory of a two-layer model for the mechanism of air-sea gas exchange was introduced by 

Whitman (1923) and is still used in 

modified form. A simplified 

schematic of the gas-liquid interface 

model to parameterize gas exchange 

is presented by Liss and Slater 

(1974) (Figure IV–8). Both medium 

the gas and the liquid are assumed 

to be turbulent well-mixed and 

separated by a laminar interface. Since the transport near the interface takes place by molecular 

diffusion (Liss and Slater, 1974), Fick`s first law in the one-dimensional form describes the flux F of a 

gas through the layer with thickness z and shows the common form of the air-sea gas exchange 

equation: 

F = k (Cw – CaH
-1

) (equation 1) 

where k is the air - sea gas exchange velocity and Cw presents the measured concentration at the 

liquid phase and Ca at the gas phase. 

For the three compounds there exist several     

parameterizations for the dimensionless Henry’s 

law constant (H) (e.g. Mackay and Shiu, 1981; 

Hunter et al., 1983; Staudinger and Roberts, 1996). 

In this thesis the parameterization calculated by 

Moore et al., (1995a, b) is used because they 

determined H by direct measurements. Henry’ law 

coefficients of CHBr3, CH2Br2 and CH3I are listed in 

table IV–2. H described the solubility of a (volatile) 

compound in the liquid phase and is highly 

temperature dependent. The transfer of gases and particles across the air-sea interface depends not 

only on the concentration differences, but on the efficiency of the transfer process which is 

influenced by several factors which are described in the following section. 

 

2.1. The gas transfer velocity 

The gas transfer velocity k is a key variable in air-sea gas exchange calculation, but there still exist a 

lot of uncertainties in their determination. 

Compound             Henry’s coefficient 

CHBr3 
exp �13.16	– 4973

SST�K�� 

CH2Br2 
exp �11.7	– 4418

SST�K�� 

CH3I exp �13.22	– 4338
SST�K�� 

Figure IV – 8. Two-layer model of a gas-liquid interface (See text 

for further explanations) (Liss and Slater, 1974) 
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Figure IV – 9. Simplified schematic of environmental and thermodynamic forcing factors that affect air-sea 

CO2 fluxes (Garbe et al., 2014). 

A variety of techniques to measure the gas transfer velocity directly in the environment have 

established through the years. The most used types are: small scale measurements including particle-

based (i.e. Siddiqui and Loewen, 2010; Garbe et al., 2012) and thermographic techniques (i. e. 

Haußecker and Jähne, 1995; Garbe et al., 2003, 2004), micrometeorological techniques (eddy-

covariance and eddy accumulation method) and the mass balance technique (including inventory 

calculation of radiocarbon 14C (Sweeney et al., 2007; Wanninkhof, 1992), the radon deficit method by 

using the tracers 222Rn and 226Ra (Peng et al., 1979) and simultaneous injection of the two volatile 

tracers 3He and SF6. 

No direct flux measurements exist for CHBr3, CH2Br2 and CH3I since the analytical techniques are not 

developed yet, to determine halocarbons extremely rapid in their low concentrations. 

Another possibility for determining the gas exchange velocity is the use of a parameterization. The 

major processes influencing the air-sea transfer velocity are shown in figure IV–9 (as example for 

CO2). A lot of studies showed a strong relationship between gas exchange velocity and the wind 

speed/stress. The first wind speed dependent parameterization was presented by Liss and Slater 

(1974) by laboratory experiments. One key uncertainty is the functional relationship of the wind 

speed to the transfer velocity (linear, quadratic, cubic, polynomial).  

A comparison of different wind speed relationships from mass balance techniques are shown in 

figure IV–10. The estimates present a wide range of uncertainties approximately a factor of 2 at an 

average wind speed of 7 m s-1 (Garbe et al., 2014).  
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Figure IV – 10. Comparison of different wind speed relationships of the water-side transfer velocity from 

mass balance techniques (Ho et al., 2011b). 

Compared to other mass balance techniques and parameterizations (Figure IV–10), the one of 

Nightingale et al. (2000) is within the “best fit” (95 % confidence interval) of Ho et al., (2011) over the 

wind speed range 5-17 m s-1 and that’s why used in this thesis: 

k600= 0.222U2 + 0.333U  (equation 2) 

 

Nightingale et al. (2000) injected two volatile tracers 3He and SF6 containing very different diffusion 

coefficients in the North Sea (mass balance technique). The gas exchange of 3He is faster than SF6 and 

so the ratio 3He/SF6 will decrease with time, while dilution will not alter the 3He/SF6 ratio. 

More than the parameter wind speed has been taken into account to parameterize the gas exchange 

velocity, like the influence of bubbles, sea spray and waves by high wind speeds.  

The dimensionless Schmidt number Sc describes the viscosity of sea water and is the ratio of the 

diffusion coefficient D of the compound and the kinematic viscosity ν of sea water, and depends 

mainly on the sea surface temperature (SST) and the salinity. The diffusion coefficients are not 

known for the halogens CHBr3, CH2Br2 and CH3I, therefore they have to be estimated from the 

common relation Sc = 600 for CO2 (for freshwater at 20 °C) to their Sc with a power law dependent of 

n= - 0.5 (for wind speeds above 3.6 m s-1 (Nightingale et al., 2000)) (according to Quack and Wallace, 

2003): 

k = k600 (600Sc-1)n (equation 3) 
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The Schmidt numbers for the three halogenated compounds were calculated as a mean between the 

methods described in Hayduk and Laudie (1974) and Wilke and Chang (1955) and are listed in table 

IV–3. 

 

Table IV – 3. Schmidt numbers for CHBr3, CH2Br2 and CH3I 

Compound Schmidt number Sc 

 

CHBr3 

 ν
193	x	10 − 10	x	SST� + 	1686	x	10 − 10	x	SST	 + 	403.42	x	10 − 8	

 

 

CH2Br2 

 ν
193	x	10 − 10	x	SST� + 	1686	x	10 − 10	x	SST	 + 	403.42	x	10 − 8	

 

 

CH3I 

 ν
2.5	x	10 − 9	x	SST� + 	1.76	x	10 − 7	x	SST	 + 	4.2	x	10 − 6	

 

 

3. Earth under global change 

The Earth’s climate system is balanced by several feedbacks and complex interaction between 

incoming shortwave radiation (SWR), outgoing longwave radiation (LWR) and atmospheric gases and 

aerosols (Figure IV–11). The Earth’s energy budget ensures a global mean temperature of ~14 °C and 

enables life in different forms.  

On-going anthropogenic emissions of greenhouse gases, particularly CO2, and of large aerosols    

(>2.5 µm in size), inhibit the outgoing of LWR to space by absorbing. Further, the human change of 

vegetation cover and land-use modify the amount of back scatter SWR (surface albedo). These 

combined processes led to an increase of the global mean surface air temperature over land and 

ocean by 0.3 to 0.6° C over the last 100 years (Cubasch and Wuebbles et al., 2013). The Earth’s 

response in modifying the balance between SWR and LWR are complex internal feedbacks, which 

could strengthen (i.e. water vapor feedback) or weaken (i.e. blackbody radiation feedback) the 

change in climate forcing. The timescale of the feedbacks vary between fast and now to slow up to 

millennia. How, and in which way the environmental processes will change is unclear. Sea level rise 

and an oceanic pH decrease have been observed: Mesocosm experiments (Riebesell et al., 2007) 

which are used as tools to get a view into the future development of biological, physical and 

chemical processes in the ocean  showed marginal effects of ocean acidification on marine CHBr3, 

CH2Br2 and CH3I concentrations (Hopkins et al., 2013). However, future changes of oceanic 

production and its influence on VSLS production are poorly investigated. The ongoing environmental 
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changes will influence the production and destruction of marine compounds as well as their 

transport from the ocean to the stratosphere (Behrenfeld et al., 2006, Bopp et al., 2012). 

Another possibility to determine environmental changes under various future scenarios is the use of 

modeling studies which allow a projection to the year 2300. The fifth phase of the Climate Model 

Intercomparison Project (CMIP 5) includes several state-of-the-art models and is part of the 5th IPCC 

(Intergovernmental Panel on Climate Change) report. Goals of the 5th IPCC report (Collins and Knutti 

et al., 2013) are to model realistic recent past simulations and to calculate and evaluate future 

projections. Different scenarios, Representative Concentration Pathways, (RCP 2.6, RCP 4.5 and RCP 

8.5 (Figure IV–12)) are available for investigating varying future developments (van Vuuren et al., 

2011). 

 

Figure IV - 11. Simple schematic of the main drivers of climate change (more description in the text). 

(Cubasch and Wuebbles et al., 2013). 
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Earlier model results using the IPCC scenarios IS92a 

(Leggrett et al., 1992), SRES A2 (Nakicenvoic et al., 

2000) and RCP 4.5 and 8.5 (van Vuuren et al., 2011) 

projected a future increase of stratospheric 

bromine loading including CHBr3 and CH2Br2 due to 

higher atmospheric vertical transport into the 

tropical stratosphere (Pyle et al., 2007; Dessens et 

al., 2009; Hossaini et al., 2012b). However, these 

models do not consider future changes in 

halogenated sea-to-air fluxes. In this thesis, the 

outputs of three CMIP 5 models are used, including 

their historical runs (1979-2005) and their future RCP scenarios 2.6 and 8.5 for the years 2006-2100 

to calculate emission projections of CHBr3, CH2Br2 and CH3I, based on the changing physical forcings 

of air- sea gas exchange. The results and calculation techniques are described in detail in the fifth 

manuscript (Ziska et al., 2014, in prep) 

Figure IV - 12. Diagram of the three different 

Radiative forcings (RCPs) (van Vuuren et al.,

2011). 
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Abstract. Volatile halogenated organic compounds contain-

ing bromine and iodine, which are naturally produced in the

ocean, are involved in ozone depletion in both the tropo-

sphere and stratosphere. Three prominent compounds trans-

porting large amounts of marine halogens into the atmo-

sphere are bromoform (CHBr3), dibromomethane (CH2Br2)

and methyl iodide (CH3I). The input of marine halogens

to the stratosphere has been estimated from observations

and modelling studies using low-resolution oceanic emis-

sion scenarios derived from top-down approaches. In or-

der to improve emission inventory estimates, we calculate

data-based high resolution global sea-to-air flux estimates of

these compounds from surface observations within the HalO-

cAt (Halocarbons in the Ocean and Atmosphere) database

(https://halocat.geomar.de/). Global maps of marine and at-

mospheric surface concentrations are derived from the data

which are divided into coastal, shelf and open ocean re-

gions. Considering physical and biogeochemical character-

istics of ocean and atmosphere, the open ocean water and

atmosphere data are classified into 21 regions. The avail-

able data are interpolated onto a 1◦ × 1◦ grid while missing

grid values are interpolated with latitudinal and longitudinal

dependent regression techniques reflecting the compounds’

distributions. With the generated surface concentration cli-

matologies for the ocean and atmosphere, global sea-to-air

concentration gradients and sea-to-air fluxes are calculated.

Based on these calculations we estimate a total global flux

of 1.5/2.5 Gmol Br yr−1 for CHBr3, 0.78/0.98 Gmol Br yr−1

for CH2Br2 and 1.24/1.45 Gmol Br yr−1 for CH3I (robust

fit/ordinary least squares regression techniques). Contrary to

recent studies, negative fluxes occur in each sea-to-air flux

climatology, mainly in the Arctic and Antarctic regions. “Hot

spots” for global polybromomethane emissions are located

in the equatorial region, whereas methyl iodide emissions

are enhanced in the subtropical gyre regions. Inter-annual

and seasonal variation is contained within our flux calcula-

tions for all three compounds. Compared to earlier studies,

our global fluxes are at the lower end of estimates, especially

for bromoform. An under-representation of coastal emissions

and of extreme events in our estimate might explain the mis-

match between our bottom-up emission estimate and top-

down approaches.

1 Introduction

Halogen (fluorine, chlorine, bromine, iodine)-containing

volatile organic compounds play an important role in tro-

pospheric (Vogt et al., 1999; von Glasow et al., 2004) and

stratospheric chemical cycles (Solomon et al., 1994; Salaw-

itch et al., 2005). The ocean is the largest source of natu-

ral bromine- and iodine-containing halocarbons (Quack and

Wallace, 2003; Butler et al., 2007; Montzka and Reimann,

2011). When emitted into the atmosphere, these compounds,

comprising mainly very short-lived species (VSLS) having

an atmospheric lifetime of less than 0.5 yr, contribute to the

pool of reactive halogen compounds via photochemical de-

struction and reaction with hydroxyl radicals (von Glasow,

2008). Deep convection, especially in the tropics, can trans-

port VSLS above the tropical tropopause layer (Aschmann et

al., 2009; Tegtmeier et al., 2012, 2013) and into the strato-

sphere, where they influence stratospheric ozone destruc-

tion (Salawitch et al., 2005; Sinnhuber et al., 2009). Re-

active bromine and iodine are more efficient in destroying

stratospheric ozone than chlorine (e.g. Chipperfield and Pyle,

1998).

The absence of global emission maps of VSLS as input for

chemistry transport models and coupled chemistry climate

models is a key problem for determining their role in strato-

spheric ozone depletion. The most widely reported short-

lived halogenated compounds containing bromine in both

the atmosphere and the ocean are bromoform (CHBr3) and

dibromomethane (CH2Br2). Together, they may contribute

∼ 15–40 % to stratospheric bromine (Montzka and Reimann,

2011), with CHBr3 considered to be the largest single source

of organic bromine (Penkett et al., 1985) to the atmosphere.

Its production involves marine organisms such as macroalgae

and phytoplankton (Gschwend et al., 1985; Nightingale et al.,

1995; Carpenter and Liss, 2000; Quack et al., 2004). CH2Br2

is formed in parallel with biological production of CHBr3 in

seawater (Manley et al., 1992; Tokarczyk and Moore, 1994)

and, therefore, generally correlates with oceanic and atmo-

spheric bromoform (e.g. Yokouchi et al., 2005; O’Brien et

al., 2009), although it occasionally shows a different pat-

tern in the deeper ocean indicating its different cycling in

the marine environment (Quack et al., 2007). Large vari-

ability in the CH2Br2 : CHBr3 ratio has been observed in

sea water and atmosphere, while elevated concentrations of

both compounds in air and water are found in coastal re-

gions, close to macroalgae and around islands, as well as in

oceanic upwelling areas (Yokouchi et al., 1997, 2005; Car-

penter and Liss, 2000; Quack and Wallace, 2003; Quack et

al., 2007). Seasonal variations have been observed in coastal

regions (Archer et al., 2007; Orlikowska and Schulz-Bull,

2009), however the database is insufficient to resolve a global

temporal dependence. Anthropogenic sources, such as water

chlorination, are locally significant, but relatively small on

a global scale (Quack and Wallace, 2003). There is uncer-

tainty in the magnitude of the global emission flux, and the

formation processes are poorly known. Recent studies have

revealed a missing source of ∼ 5 pptv inorganic bromine in

the stratosphere, which could possibly be explained by the

contribution of oceanic VSLS (Sturges et al., 2000; Sinnhu-

ber and Folkins, 2006; Dorf et al., 2008).

Atmospheric modelling studies have derived top-down

global estimates of between 5.4 and 7 Gmol Br yr−1 for bro-

moform and between 0.7 and 1.4 Gmol Br yr−1 for dibro-

momethane using different atmospheric transport models

(Warwick et al., 2006; Kerkweg et al., 2008; Liang et al.,

Atmos. Chem. Phys., 13, 8915–8934, 2013 www.atmos-chem-phys.net/13/8915/2013/
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2010; Ordonez et al., 2012). Global bottom-up emission esti-

mates based on the interpolation of surface atmospheric and

oceanic measurements have yielded emission estimates of

between 2.8 and 10.3 Gmol Br yr−1 for CHBr3 and between

0.8 and 3.5 Gmol Br yr−1 for CH2Br2 (Carpenter and Liss,

2000; Yokouchi et al., 2005; Quack and Wallace, 2003; But-

ler et al., 2007). Additionally, a parameterization for oceanic

bromoform concentrations covered by a homogenous atmo-

sphere estimates a flux of 1.45 Gmol yr−1 for CHBr3 be-

tween 30◦ N and 30◦ S (Palmer and Reason, 2009).

Methyl iodide is mainly emitted from the ocean and is

characterized as a dominant gaseous organic iodine species

in the troposphere (Carpenter, 2003; Yokouchi et al., 2008).

This compound is involved in important natural iodine cy-

cles, in several atmospheric processes such as the forma-

tion of marine aerosol (McFiggans et al., 2000), and has

been suggested to contribute to stratospheric ozone depletion

in case it reaches the stratosphere through deep convection

(Solomon et al., 1994). Current model results of Tegtmeier

et al. (2013) suggest an overall contribution of 0.04 ppt CH3I

mixing ratios at the cold point and a localized mixing ra-

tio of 0.5 ppt. Enhanced oceanic concentrations of CH3I are

found in coastal areas where marine macroalgae have been

identified as the dominant coastal CH3I source (e.g. Man-

ley and Dastoor, 1988, 1992; Manley and dela Cuesta, 1997;

Laturnus et al., 1998; Bondu et al., 2008). Phytoplankton,

bacteria and non-biological pathways, such as photochemi-

cal degradation of dissolved organic carbon, are significant

open ocean sources (Happell and Wallace, 1996; Amachi et

al., 2001; Richter and Wallace, 2004; Hughes et al., 2011).

Terrestrial sources, such as rice paddies and biomass burn-

ing, are suggested to contribute 30 % to the total atmospheric

CH3I budget (Bell et al., 2002). Modelling studies and data

interpolation estimate global CH3I emissions between 2.4

and 4.3 Gmol I yr−1 (Bell et al., 2002; Butler et al., 2007;

Ordonez et al., 2012). Smythe-Wright et al. (2006) extrapo-

lated a laboratory culture experiment with Prochlorococcus

marinus (kind of picoplankton) to a global CH3I emission es-

timate of 4.2 Gmol I yr−1, whereas the study of Brownell et

al. (2010) disputed the result of Smythe-Wright et al. (2006)

and suggests that P. marinus is not significant on a global

scale.

This study presents the first global 1◦ × 1◦ climatologi-

cal concentration and emission maps for the three important

VSLS bromoform, dibromomethane and methyl iodide based

on atmospheric and oceanic surface measurements avail-

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

mosphere) database project (https://halocat.geomar.de/). Ac-

cording to current knowledge of the compounds’ distribu-

tions and possible sources, we classify the data based on

physical and biogeochemical characteristics of the ocean and

atmosphere. The interpolation of the missing values onto the

1◦ × 1◦ grid with two different regression techniques is anal-

ysed. Based on the generated marine and atmospheric sur-

face concentration maps, global climatological emissions are

calculated with a commonly used sea-to-air flux parameter-

ization applying temporally highly resolved wind speed, sea

surface temperature, salinity and pressure data. The results

are compared to estimates of other studies, and the tempo-

ral and spatial variability of the climatological sea-to-air flux

are discussed. The aim of this study is to provide improved

global sea-to-air flux maps based on in situ measurements

and on known physical and biogeochemical characteristics

of the ocean and atmosphere in order to reduce the uncer-

tainties in modelling the contribution of VSLS to the strato-

spheric halogen budget (Hamer et al., 2013; Hossaini et al.,

2013; Tegtmeier et al., 2013).

2 Data

In this study, CHBr3, CH2Br2 and CH3I data are extracted

from the HalOcAt database (https://halocat.geomar.de/, see

Supplement for a list of all data). The database currently

contains about 200 contributions, comprising roughly 55 400

oceanic and 476 000 atmospheric measurements from a

range of oceanic depths and atmospheric heights of 19 differ-

ent halocarbon compounds (mainly very short-lived bromi-

nated and iodinated trace gases) from 1989 to 2011. The

dataset mainly consists of data from coastal stations, ship op-

erations and aircraft campaigns. The individual datasets are

provided by the dataset creators. Since the compound dis-

tribution is too variable and the current data are too sparse

to identify a robust criterion for quality check and data se-

lection, no overall quality and intercalibration control on the

database exists. Future work is planned to use common stan-

dards and perform laboratory intercalibrations (Butler et al.,

2010; Jones et al., 2011). Thus, we use all available surface

ocean values to a maximum depth of 10 m (5300 data points)

and atmospheric values to a maximum height of 20 m (4200

data points) from January 1989 until August 2011 (Fig. 1)

for the calculation of the climatological concentrations. For

sea-to-air flux calculations (see Sect. 3.5), 6-hourly means

of wind speed (U ), sea level pressure (SLP) and sea surface

temperature (SST) are extracted from the ERA-Interim me-

teorological assimilation database (Dee et al., 2011) for the

years 1989–2011 (1◦ × 1◦), whereas salinity (SSS) is taken

from the World Ocean Atlas 2009 (Antonov et al., 2010).

3 Methodology

3.1 Approach

The high variability of VSLS (especially for CHBr3) in both

ocean and atmosphere is not explicable with any correlation

to common parameterizations. Production pathways with as-

sociated production rates and reliable proxies for the com-

pounds’ distributions are not available. We tested correla-

tions, multiple linear regressions and polynomial fits with

biological and physical parameters (e.g. chlorophyll a, SST,

www.atmos-chem-phys.net/13/8915/2013/ Atmos. Chem. Phys., 13, 8915–8934, 2013

https://halocat.geomar.de/
https://halocat.geomar.de/


8918 F. Ziska et al.: Global sea-to-air flux climatology

 

 

 180
o
W  120

o
W   60

o
W    0

o
    60

o
E  120

o
E  180

o
W 

  80
o
S 

  40
o
S 

   0
o
  

  40
o
N 

  80
o
N 

L
a

ti
tu

d
e

 C
H

B
r

3
 [

p
m

o
l L

−
1
]

0

14

27

40

54

67

80

94

107

>120

 

 

 180
o
W  120

o
W   60

o
W    0

o
    60

o
E  120

o
E  180

o
W 

  80
o
S 

  40
o
S 

   0
o
  

  40
o
N 

  80
o
N 

 C
H

B
r

3
 [

p
p

t]

0

1

2

3

4

6

7

8

9

>10

 

 

 180
o
W  120

o
W   60

o
W    0

o
    60

o
E  120

o
E  180

o
W 

  80
o
S 

  40
o
S 

   0
o
  

  40
o
N 

  80
o
N 

 C
H

2
B

r 2
 [

p
p

t]

0

1

2

3

4

6

7

8

9

>10

 

 

 180
o
W  120

o
W   60

o
W    0

o
    60

o
E  120

o
E  180

o
W 

  80
o
S 

  40
o
S 

   0
o
  

  40
o
N 

  80
o
N 

L
a

ti
tu

d
e

 C
H

2
B

r
2
 [

p
m

o
l L

−
1
]

0

5

9

14

18

22

27

31

36

>40

 

 

 180
o
W  120

o
W   60

o
W    0

o
    60

o
E  120

o
E  180

o
W 

  80
o
S 

  40
o
S 

   0
o
  

  40
o
N 

  80
o
N 

Longitude

 C
H

3
I [

p
p

t]

0

1

2

3

4

4.5

5.5

6

7

>8

 

 

 180
o
W  120

o
W   60

o
W    0

o
    60

o
E  120

o
E  180

o
W 

  80
o
S 

  40
o
S 

   0
o
  

  40
o
N 

  80
o
N 

Longitude

L
a

ti
tu

d
e

 C
H

3
I 

[p
m

o
l 

L
−

1
]

0

5

9

14

18

22

27

31

36

>40

(a)

(c)

(b)

(d)

(e) (f )

Fig. 1. Global coverage of available surface seawater measurements in pmol L−1 and atmospheric measurements in ppt for bromoform (a,

b), dibromomethane (c, d) and methyl iodide (e, f) from the HalOcAt database project (data from 1989 to 2011).

SSS, SLP, mixed layer depth) to interpolate the data. Since

none of the techniques provided satisfying results, we choose

to simplify our approach. In order to compute climatological

concentration maps, information on the compounds’ distri-

butions is extracted from the existing datasets of the HalOcAt

database and the literature on source distributions. Both sur-

face ocean and atmospheric CHBr3 concentrations are gen-

erally higher in productive tropical regions, at coast lines

and close to islands, while generally lower and more ho-

mogeneous concentrations are located in the open ocean

(Fig. 1). The global ocean shows a latitudinal and longi-

tudinal variation of biological regimes, driven by circula-

tion and regionally varying nutrient input as well as light

conditions. Productive eastern boundary upwelling, equato-

rial and high latitudinal areas are separated by low produc-

tive gyre regions. We therefore separated the ocean in dif-

ferent latitudinal bands and applied (multiple) linear regres-

sions between the compounds’ distributions and latitude and

longitude (see more details in Sect. 3.3). The linear regres-

sions reflect the underlying coarse distribution of the data,

and their longitudinal and latitudinal concentration depen-

dence within different biogeochemical and physical regimes

appears to be the current best available approach for data

analysis and interpolation. This approach is independent of

Atmos. Chem. Phys., 13, 8915–8934, 2013 www.atmos-chem-phys.net/13/8915/2013/
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additional variables, reasonably reflecting the current knowl-

edge about the compounds’ distributions considering differ-

ent biogeochemical oceanic regions and minimizes the cre-

ation of non-causal characteristics. The existing data are in-

terpolated onto a 1◦ × 1◦ grid. The missing grid values are

filled using the latitudinal and longitudinal dependent regres-

sion techniques. The climatological oceanic and atmospheric

surface concentration maps are used to calculate global fields

of concentration gradients and sea-to-air fluxes.

3.2 Classification

All data are divided into coastal, shelf and open ocean

regimes. The coastal area is defined as all first 1◦ × 1◦ grid

points next to the land mask, while the shelf regime com-

prises all second grid points neighbouring the coastal one.

The other grid points belong to the open ocean water and at-

mosphere regime. The data from coastal and shelf regions are

very sparse. For this reason, they are only separated between

Northern Hemisphere and Southern Hemisphere.

The open ocean water data are further divided into 4 re-

gions for each hemisphere. The inner tropics (0 to 5◦) include

the equatorial upwelling regions with high biomass abun-

dance and elevated CHBr3 concentrations, especially in the

eastern ocean basins. The subtropical gyres, with descend-

ing water masses and hence low biological production at the

surface, are identified as the second region (5 to 40◦). The

third region comprises the temperate zones between 40 to

66◦ with higher climatological surface chlorophyll concen-

trations than in the gyre region and decreasing water temper-

ature and increasing CHBr3 concentrations towards higher

latitudes. The fourth region (poleward of 66◦) encompasses

the polar Arctic and Antarctic with cold surface waters and

occasional ice cover.

The open ocean atmosphere is classified in a slightly dif-

ferent way from that of the open ocean waters. The inner

tropical region (here from 0 to 10◦) is characterized by the

intertropical convergence zone, upward motion, low pressure

and deep convection. Additionally, each hemisphere is di-

vided into 3 wind regimes: subtropics (10 to 30◦), midlati-

tudes (30 to 60◦) (westerlies, storm tracks) and polar regions

(60 to 90◦), characterized by distinctive air masses, wind di-

rections and weather conditions.

The open ocean regimes (oceanic and atmospheric) are

further subdivided into the Atlantic, Pacific, Indian and Arc-

tic basins. Thus, the HalOcAt data is sorted into 21 different

regions for surface open ocean water and atmosphere (see

Tables S1 and S2 in the Supplement). Gridding the data and

inserting missing values is described in the following section.

Dibromomethane has been reported to have similar source

regions as CHBr3, (Yokouchi et al., 2005; O’Brien et al.,

2009), while methyl iodide is reported to also have coastal,

planktonic and photochemical sources (Hughes et al., 2011;

Moore et al., 1994; Richter and Wallace, 2004). Both com-

pounds are also tight to unrevealed direct or indirect biolog-

ical processes. Thus, we divide the CH2Br2 and CH3I data

between the regions in the same way as we have classified

the CHBr3 data. The data density for dibromomethane and

methyl iodide is equivalent to that of bromoform (Fig. 1).

3.3 Objective mapping

The original, irregular measurements from the HalOcAt

database are transferred to a uniform global 1◦ × 1◦ grid us-

ing a Gaussian interpolation. Based on this technique the

value at each grid point is calculated with the measurements

located in a defined Gaussian range. The Gaussian bell radius

is 3◦ for the surface open ocean water and atmosphere data

and 1◦ for the coast and shelf region. The wider radius for

the open ocean regimes are caused by the higher homogene-

ity of the data in this region. This kind of interpolation takes

the spatial variance of the measurements into account. The

smaller the distance between a given data point and the grid

point, the greater is its weighting in the grid point calcula-

tion (Daley, 1991) (see Supplement for a list of all calculated

atmospheric and oceanic grid points based on objective map-

ping). For grid points where no measurements are available

within the Gaussian bell area, no concentration data can be

calculated directly and a linear regression needs to be ap-

plied.

3.4 Linear regression

Data gaps on the 1◦ × 1◦ grid are filled based on a multiple

linear regression technique using the original dataset, apply-

ing the functional relationship between latitude and longitude

as predictor variables, x1 and x2, and compound concentra-

tion as the response variable, y (Fig. 2, for specific details see

Sect. 3.5).

The regression coefficients for each defined oceanic and

atmospheric region are given in Tables S1 and S2 in the Sup-

plement. For regions where the spatial coverage of the data is

extremely poor, a first order regression based on the latitude

variable only is used. For regions without data or in case the

interpolation does not produce reasonable results (e.g. con-

centrations calculated with the regression are negative), the

linear regression of neighbouring open ocean regions of the

same latitudinal band is used to fill the data gaps, assum-

ing similar physical and biogeochemical conditions. For ex-

ample, no data exist for the tropical Indian Ocean (0–5◦ N),

thus, open ocean data from the tropical Atlantic and Pacific

(0–5◦ N) are used to determine the missing values. Since data

coverage in coastal and shelf regions is low, the regression

coefficients are calculated over each entire hemisphere. Ad-

ditionally, we apply the root mean square error (RMSE), cal-

culated as the difference between the predicted values and

the observed data, as a measure of accuracy. A small RMSE

reflects a low bias and variance of the predicted values, with

zero indicating that the regression techniques predict the ob-

servations perfectly.

www.atmos-chem-phys.net/13/8915/2013/ Atmos. Chem. Phys., 13, 8915–8934, 2013
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Fig. 2. Latitudinal distribution of open ocean water (a) (pmol L−1) and atmosphere (b) (ppt) bromoform concentrations (blue circles) clas-

sified in eight different latitudinal bands. The robust fit (RF) (red line) and ordinary least squares (OLS) (black line) regression analyses are

included.

3.5 Robust fit vs. ordinary least squares

In our study, two different regression techniques are applied.

The ordinary least squares (OLS) technique contains the least

squares method. This means that the sum of squared devia-

tions between the empirical y values in the dataset and the

predicted linear approximation is minimized.

The second method for calculating regression coefficients

is the robust fit (RF) technique which is especially used for

not normally distributed values. A regression analysis is ro-

bust if it is not sensitive to outliers. The calculation of the ro-

bust coefficients is based on the iteratively reweighted least

squares process. In the first iteration each data point has

equal weight and the model coefficients are estimated us-

ing ordinary least squares. In the following iterations, the

weighting of the data points is recalculated so that the dis-

tant data points from the model regression from the previous

iteration are given lower weight. This process continues until

the model coefficients are within a predefined range. Our cal-

culations are based on the most common general method of

robust regression, the “M-estimation” introduced by Huber

(1964).

Both regression methods are shown in Fig. 2 for all lat-

itudinal divided open ocean water and atmospheric mea-

surements for bromoform. The RF regression lines (red) are

lower than the OLS (black) and occasionally show different

Atmos. Chem. Phys., 13, 8915–8934, 2013 www.atmos-chem-phys.net/13/8915/2013/
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Fig. 3. The percentage change of the global oceanic emission for bromoform (a), dibromomethane (b), both in Gmol Br yr−1, and methyl

iodide (c), in Gmol I yr−1, based on individual input parameters: wind speed (blue), sea surface temperature (magenta), sea surface salinity

(red) and sea level pressure (black). The input parameters are individually increased and decreased by their multiple standard deviations

(−3σ to 3σ) while the other input parameters remain fixed (µ presents the oceanic emission using the mean input parameters).

trends. The reason for the large deviation between the RF and

OLS regression is the different weighting of outliers. Out-

liers crucially influence the value of the OLS slope, whereas

the RF regression is located at the largest data density and

reduces the influence of outliers. While the RF captures

background values, the OLS technique indicates the variabil-

ity of the data. Based on the obtained concentration maps,

global fluxes are calculated and compared to literature values

(see Supplement for a list of all calculated atmospheric and

oceanic grid points based on linear regression and objective

mapping as well as on linear regression only).

3.6 Air–sea gas exchange and input parameters

Fluxes (F in pmol cm h−1) across the sea–air interface

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

concentration difference and a gas exchange velocity. The

partitioning of a gas between the water and gas phase is

described by the dimensionless Henry’s law constant (H)

which highly depends on temperature and the molecular

structure of the species. For our calculations, the Henry’s

law constants of Moore et al. (1995a, b) are used. The at-

mospheric mixing ratios (Cm in ppt) are converted to equi-

librium water concentrations (Ca in pmol L−1) and the devi-

ation from the actual measured water concentration (Cw in

pmol L−1) describes the driving concentration gradient. The

sea-to-air flux is negative if the transport is from the atmo-

sphere to the ocean.

F = k(C w − CaH
−1) (1)

Ca = Cm · SLP/(SST + 273.15)/83.137 (2)

H = exp(−4973/(SST + 273.15) + 13.16)for CHBr3 (3)

Several parameterizations for the air–sea gas exchange ex-

ist in the literature, which express the relationship between

the gas exchange velocity (k in cm h−1) and wind speed (e.g.

Liss and Merlivat, 1986; Wanninkhof, 1992; Wanninkhof and

McGillis, 1999; Nightingale et al., 2000). Experiments have

shown that the dominant parameter influencing k is the wind

speed. We chose to calculate the transfer coefficients based

on the parameterization from Nightingale et al. (2000) with

corrections for the water temperature and a Schmidt num-

ber (Sc) dependence for each gas (Quack and Wallace, 2003;

Johnson, 2010).

k = (0.222U2
+ 0.333U)sqrt(660Sc−1) (4)

The dimensionless Schmidt number is the ratio of the diffu-

sion coefficient of the compound (D in cm2 s−1) of interest

and the kinematic viscosity (ν in cm2 s−1) of sea water, and

depends mainly on the temperature and the salinity.

Sc = ν/D (5)

D = (193 × 10−10
×SST2

+ 1686 × 10−10
×SST (6)

+ 403.42 × 10−8) for CHBr3

The diffusion coefficients for the compounds were calculated

according to Quack and Wallace (2003).

The gas exchange velocity and concentration gradient are

dependent on SST, SSS, U and SLP as input parameters.

During the initial stages of this study, we used climatologi-

cal mean values (1989–2011) of the input parameters for our

calculation of the global climatological emission estimates.

A sensitivity study demonstrates how changes in the input

parameters (climatological means) affect the global flux cal-

culation for bromoform, dibromomethane and methyl iodide

(Fig. 3). Each input parameter is individually increased and

decreased by their multiple standard deviations (−3σ to 3σ)

while the other input parameters remain fixed. The standard

deviations are calculated for every grid point for the years

1989–2011. This study shows the importance of each in-

put parameter for the flux variance. Sea surface salinity and

sea level pressure affects the VSLS emission calculations

least compared with the other parameters (Fig. 3). Changes

in wind speed and sea surface temperature have strong in-

fluences on the bromoform sea-to-air flux. In general, a re-

duction/enhancement of the wind speed is directly accom-

panied by a decrease/increase in air–sea gas exchange co-

efficients, and higher/lower sea surface temperature leads to

an increase/decrease of the concentration gradients as well

as the air–sea gas exchange coefficients (Schmidt number).
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The dependencies of the global dibromomethane emission

variability on the individual input parameters are the same

as described for bromoform. The global methyl iodide emis-

sions are mainly influenced by variations of the wind speed,

while the other parameters have less effect. The sensitivity

study shows that marginal changes of the input parameters

can lead to a significant variation of the global flux estimate.

Averaging over a long time period when producing clima-

tological means involves smoothing extreme values, which

is especially relevant for the wind speed (Bates and Merli-

vat, 2001). Since the air–sea gas exchange coefficient has a

non-linear dependence on wind speed, the application of av-

eraged data fields causes a bias towards a lower flux when

compared to using instantaneous winds and averaging the

emission maps afterwards (Chapman et al., 2002; Kettle and

Merchant, 2005). To reduce the bias, we apply the highest

available temporal resolution of the input parameters and

calculate 6-hourly global emissions with 6-hourly means of

U , SST, SLP and monthly means for the SSS (from January

1989 to December 2011). Finally, we sum the emissions for

each month, calculate monthly average emissions over the

twenty-one years and summarise these twelve averages to

obtain the climatological annual emission.

4 Results and discussion

Marine (pmol L−1) and atmospheric (ppt) global surface

concentration maps of bromoform, dibromomethane and

methyl iodide calculated with the RF regression are shown

in Fig. 4 (surface ocean concentrations and mixing ratios cal-

culated with the OLS technique are illustrated in the Supple-

ment). Based on the RF and OLS marine and atmospheric

concentration maps, global sea-to-air flux climatologies are

calculated (Fig. 5).

4.1 Climatological concentration maps of CHBr3 and

CH2Br2

Marine surface concentrations of bromoform (Fig. 4) are

higher in the equatorial region (∼ 6 pmol L−1), upwelling ar-

eas (e.g. the Mauritanian upwelling region ∼ 21 pmol L−1),

near coastal areas (∼ 17–42 pmol L−1) and in shelf regions

(∼ 8–32 pmol L−1), consistent with macroalgal and anthro-

pogenic sources along the coast lines as well as biological

sources in upwelling areas (Carpenter and Liss, 2000; Quack

and Wallace, 2003; Yokouchi et al., 2005; Quack et al., 2007;

Liu et al., 2011). The coastal and shelf areas both show a pos-

itive latitudinal sea surface concentration gradient for bro-

moform and dibromomethane towards the polar regions. The

coastal sea surface concentrations of bromoform are on av-

erage twice as high as in the shelf region. The open ocean

generally has homogeneous concentrations between 0.5 and

4 pmol L−1. Lower values are located especially in the sub-

tropical gyres (∼ 0.5–1 pmol L−1), most distinctly in the At-

lantic, North Pacific and southern Indian Ocean.

Estimating global concentration maps based on an identi-

fied linear relationship is difficult in regions with sparse or

missing data (e.g. Indian Ocean). Atlantic and Pacific Ocean

data must be used to fill the data gap in the Indian Ocean,

since no measurements exist there. Thus, we expect similar

concentrations as in the other oceans. One dataset is available

for the northern Indian Ocean (Yamamoto et al., 2001). The

few measurements of bromoform in the Bay of Bengal are

unusually high (> 50 pmol L−1) for an open ocean area. We

decided to not include these outliers in our analysis, since our

method would possibly overestimate water concentrations

in the entire northern Indian Ocean using these data. The

high concentrations in the equatorial region (the product of

the other two basins) are approximately collocated with the

upwelling season during the northeast monsoon, indicating

higher productivity (Schott et al., 2002). The global ocean,

and especially the Indian and Arctic, is data poor, and re-

quires further sampling and evaluation to improve the predic-

tions. Atmospheric surface mixing ratios of bromoform show

similar distribution patterns. Higher atmospheric mixing ra-

tios are located in the equatorial regions (1–3 ppt), around

coastlines (∼ 1-10 ppt) and upwelling regions (10–17 ppt), as

well as in the northern Atlantic (∼ 12–21 ppt), while lower

mixing ratios are found above the subtropical gyres (∼ 0.2–

0.8 ppt).

The global surface oceanic concentration map of di-

bromomethane shows similar patterns as bromoform. En-

hanced oceanic surface concentrations are located around

the equatorial region (∼ 6–9 pmol L−1), while low concen-

trations occur in the subtropical gyres (1–2 pmol L−1), sim-

ilar to CHBr3 in distribution, but with higher values. Di-

bromomethane concentrations in the coastal regions are sig-

nificantly lower than those for bromoform. Distant from

the coastal source regions CH2Br2 is mostly elevated in

the atmosphere relative to CHBr3, because it has a longer

atmospheric lifetime than CHBr3 (e.g. Brinckmann et al.,

2012) (CH2Br2 = 0.33 yr, CHBr3 = 0.07 yr, (Warneck and

Williams, 2012).

Elevated marine dibromomethane concentrations are

found in the Southern Ocean (4–6 pmol L−1). This area is

characterized by several circumpolar currents separated by

frontal systems, with seasonally varying ice coverage, and is

known to experience enhanced biological production (Smith

and Nelson, 1985). Sea-ice retreat and the onset of microal-

gae blooms have been related to an increase in marine surface

bromocarbon concentrations (Hughes et al., 2009). However,

this strong increase of CH2Br2 is currently not understood.

The climatological maps represent annual average values

that may underestimate seasonal and short-term variations

(Hepach et al., 2013; Fuhlbrügge et al., 2013). These varia-

tions currently cannot be reflected in the model, since knowl-

edge about production processes and the influence of envi-

ronmental values on the concentrations is incomplete.
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4.2 Climatological concentration maps of CH3I

The same classification and interpolation technique used for

the bromocarbons reveal elevated marine and atmospheric

concentrations of methyl iodide (2–9 pmol L−1, 0.3–1.5 ppt)

in the subtropical gyre regions of both hemispheres (Fig. 4).

This is in contrast to the oceanic concentration maps of bro-

moform and dibromomethane, and is in agreement with re-

ported production processes, such as photochemical oxida-

tion of dissolved organic matter and iodide, as well as pro-

duction from cyanobacteria (e.g. Richter and Wallace, 2004;

Smythe-Wright et al., 2006).

Additionally, enhanced oceanic concentrations and at-

mospheric mixing ratios are found in the upwelling re-

gion off Mauritania and near the coastlines north of 40◦

(∼ 9 pmol L−1). Here in the region of offshore trade winds

and dust export, the atmospheric methyl iodide from the

ocean may be supplemented by input from land sources (Sive

et al., 2007) as elevated air concentrations have been noted

to be associated with dust events (Williams et al., 2007).

The sharp concentration increase towards the coast, as ob-

served for bromoform and dibromomethane, does not exist

for methyl iodide. The open ocean concentrations are gen-

erally higher than the coastal values, except for the North-

ern Hemisphere. The elevated coastal oceanic concentrations

might be due to the occurrence of macroalgae and anthro-

pogenic land sources (e.g. Laturnus et al., 1998; Bondu et

al., 2008) or to elevated levels of dissolved organic material

(DOM) (e.g. Manley et al., 1992; Bell et al., 2002). The polar

regions show generally homogenous and low concentrations

of methyl iodide (Antarctic: ∼ 0.3 ppt, ∼ 1.5 pmol L−1; Arc-

tic: ∼ 1 ppt and ∼ 0.3 pmol L−1).

4.3 Climatological emission maps of CHBr3 and

CH2Br2

Elevated bromoform fluxes from the ocean to the atmo-

sphere are generally found close to coastlines, in equato-

rial and eastern boundary upwelling regions (e.g. the Mau-

ritanian upwelling region) and a wide region of the south-

ern Pacific (subtropical gyre). Very high sea-to-air fluxes

(> 1500 pmol m−2 h−1) also occur in the Bay of Bengal, the

Gulf of Mexico, the North Sea and the east coast of North

America.

While they cover 16 % of the world ocean area, the

coastal and shelf regions, with their high biological produc-

tivity, have enhanced concentrations of bromoform and di-

bromomethane and account for 67/78(RF/OLS) % of total

Br emission attributable to CHBr3 and 22/24 % of that at-

tributable to CH2Br2. Most of the open ocean appears almost

in equilibrium with the atmosphere, especially in the subtrop-

ical gyre regions. A CHBr3 flux from the atmosphere to the

ocean is seen in the entire Southern Ocean, the northern part

of the Pacific and in some parts of the North Atlantic (e.g.

east of North America).

Our open ocean flux of CHBr3 is about 25 % of the global

sea-to-air flux estimate, which is in agreement with the 20 %

calculated by Butler et al. (2007) and the 33 % of Quack and

Wallace (2003). This underlines that the coast and shelf re-

gions play a significant role in the global bromoform budget.

The tropics (20◦ N to 20◦ S, including open ocean, shelf and

coastal area) represent the region with the highest bromoform

emissions of 44/55 % (Table 3). This is in agreement with the

top-down approach of 55.6 % between 20◦ N to 20◦ S pub-

lished by Ordonez et al. (2012) and of 37.7 % for 10◦ N to

10◦ S from Liang et al. (2010). A decrease in the total emis-

sion towards the polar region is visible. Hence, the tropics

are a “hot spot” for bromoform emissions.

Comparable with the sea-to-air fluxes based on the RF

analysis, the emissions using the OLS method shows en-

hanced sea-to-air fluxes in the North Atlantic and all

gyre regions, and an elevated sink in the Arctic region

(Fig. 5). We estimate a global positive sea-to-air flux for

CHBr3 of ∼ 2.06 Gmol Br yr−1 (RF), ∼ 2.96 Gmol Br yr−1

(OLS); and a global sink, air-to-sea flux, for CHBr3 of

∼ 0.56 Gmol Br yr−1 (RF), ∼ 0.47 Gmol Br yr−1 (OLS).

Differences between the distribution of source and sink re-

gions and of CH2Br2 emissions calculated with the RF and

OLS regression are less pronounced than those of CHBr3

(Fig. 5). The Arctic Ocean acts mainly as a sink for atmo-

spheric CH2Br2, most likely because of the low sea surface

temperatures, low water concentrations and higher air con-

centrations. The Southern Ocean (south of 50◦ S) acts as a

source to the atmosphere. The OLS based emissions show

an enhanced source region in the southern Pacific due to

elevated marine surface concentrations. We estimate a pos-

itive global CH2Br2 sea-to-air flux of ∼ 0.89 Gmol Br yr−1

(RF), ∼ 1.09 Gmol Br yr−1 (OLS); and an air-to-sea flux of

∼ 0.12 Gmol Br yr−1 (RF), ∼ 0.11 Gmol Br yr−1 (OLS).

Our total open ocean flux of 0.6–0.76 Gmol Br

(CH2Br2) yr−1 is in agreement with the estimates

of ∼ 0.7 Gmol Br yr−1given by Ko et al. (2003) and

0.6 Gmol Br yr−1 given by Butler et al. (2007). The coast

and shelf regions play a minor role for the global CH2Br2

budget compared to the open ocean, which contributes

∼ 77 % Gmol Br yr−1. The global emission distribution for

CH2Br2 and CHBr3 is similar in the midlatitudes and the

tropics. (Table 3). Enhanced source regions for the atmo-

sphere are found in the tropical area contributing about

44/49 % between 20◦ N and 20◦ S. This is lower compared

with the study of Ordonez et al. (2012) who calculated a con-

tribution of 63.1 % from 20◦ N to 20◦ S. The CH2Br2 emis-

sions decrease towards the polar regions.

4.4 Climatological emission maps of CH3I

The global emissions of CH3I reveal an opposite pattern

compared with CHBr3 and CH2Br2 (Fig. 5). The main dif-

ference is the enhanced emission in the subtropical gyre re-

gions.
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Fig. 4. Global maps of marine concentrations (pmol L−1) and atmospheric mixing ratios (ppt) for bromoform (a, b), dibromomethane (c,

d) and methyl iodide (e, f) based on the robust fit (RF) regression analyses. The concentration maps calculated with the OLS method are

included in the Supplement (Fig. S3).
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Fig. 5. Global sea-to-air flux climatology of bromoform (a, b), dibromomethane (c, d) and methyl iodide (e, f) in pmol m−2 h−1 based on

the RF (a, c, e, left column) and OLS (b, d, f, right column) analyses.

www.atmos-chem-phys.net/13/8915/2013/ Atmos. Chem. Phys., 13, 8915–8934, 2013



8926 F. Ziska et al.: Global sea-to-air flux climatology

Equatorial upwelling regions, as well as the Arctic and

Antarctic polar regions, are mostly in equilibrium. In com-

parison with CHBr3 and CH2Br2, the global CH3I sea-to-air

fluxes are generally positive, indicating the larger supersat-

urations of the oceanic waters. The OLS regression shows

the North Atlantic to be a very strong source region for at-

mospheric methyl iodide. Coast and shelf regions transport

only ∼ 13 % of I (CH3I) to the atmosphere. The open ocean

contribution of 87 % is more than the estimate from Butler et

al. (2007) of 50 % open ocean emissions of methyl iodide.

Possibly, the subtropical gyre regions are more distinctive

source areas in our climatology than in Butler et al. (2007).

The southern tropics and subtropics represent the regions

with the highest emission strength, decreasing towards the

polar areas (Table 3). We calculate a global sea-to-air flux

for CH3I of ∼ 1.24 Gmol I yr−1 (RF) and ∼ 1.45 Gmol I yr−1

(OLS).

4.5 Evaluation of RF and OLS results

All subtropical regions, and especially the equator, show a

large temporal and spatial variability in the data, which is re-

flected in the enhanced RMSE parameter (Tables S1 and S2

in the Supplement). The wide concentration ranges might be

caused by real variations between sampling in different sea-

sons, where the seasonally varying strength and expansion of

upwelling (equatorial and coastal) (Minas et al., 1982; Hagen

et al., 2001) and solar flux may cause different concentrations

of the compounds.

The evaluation of the two regression methods shows that

RF is more representative of a climatology, since it is cal-

culating a regression independently of outliers and weighted

by the data distribution. In comparison, the OLS regression

weights outliers, and, hence considers extreme data and vari-

ability more than the RF method (Fig. 2). The global appear-

ances of RF and OLS maps are not extremely different (see

Supplement). Nevertheless, they introduce slight differences

in the concentration gradients and in the sea-to-air flux cli-

matologies.

The influence of the RF and the OLS regression for the

global surface concentration distribution in atmosphere and

ocean, which has consequences for the concentration gra-

dient, is shown in Table 1 and Fig. 6. In general, the OLS

technique calculates higher mean and median values, includ-

ing the enhanced concentrations and outliers. Additionally,

bromoform shows higher variance compared with the other

compounds in both techniques and reflects the high data vari-

ability between coastal and open ocean bromoform concen-

trations. Further, the calculated concentration gradient from

the OLS method exhibits stronger source (emission into the

atmosphere) and weaker sink regions compared with RF,

which is again most pronounced for bromoform (Fig. 6). The

OLS and RF distribution (mean, median and standard devi-

ation) for dibromomethane and methyl iodide are in closer

agreement compared with bromoform. The reason for this
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Fig. 6. Zonal mean concentration gradients for bromoform (dashed

line), dibromomethane (solid line) and methyl iodide (dash-dotted

line) in pmol L−1, calculated with RF (left side) and OLS (right

side) methods.

smaller difference between RF and OLS is the occurrence

of less extreme values in the concentration gradients for

CH2Br2 and CH3I compared with CHBr3. The global surface

emissions of bromoform, dibromomethane and methyl io-

dide yield a similar spatial distribution with both techniques

(Table 2).

4.6 Comparison of estimation methods

In the following section we compare our emission clima-

tology with recently published estimates, including differ-

ent calculation techniques (i.e. bottom-up and top-down ap-

proaches), as well as laboratory experiments (Table 6). The

global bromoform emission estimates show the largest dif-

ference between the studies.

Warwick et al. (2006) modelled surface mixing ratios us-

ing different emission scenarios and fitted them to the avail-

able atmospheric measurements. These scenarios applied

different global emission estimates, e.g. the bottom-up es-

timate from Quack and Wallace (2003). The course resolu-

tion of 2.8◦ × 2.8◦ used in the Warwick study does not well

resolve the coastal areas, which are thought to be the main

source for bromoform. In addition the applied uniform inter-

polations do not reflect the actual conditions. In the results of

Warwick et al. (2006), the coastlines further north and south

of the tropics exhibit no enhanced atmospheric bromoform

concentrations or emission to the atmosphere compared to

the open ocean. This does not reflect the in situ measure-

ments from the HalOcAt database. Based on local bromo-

form measurements in Southeast Asia, Pyle et al. (2011) re-

duced the emission estimate of Warwick et al. (2006) in this

coastal area. This study shows the importance of local mea-

surements for the improvement of global estimates. Other

model studies based on the ideas of Warwick et al. (2006),

e.g. Kerkweg et al. (2008), show the same underestimation

of coastal emissions in the extra tropics. In contrast, Liang

et al. (2010) consider all coastlines with enhanced emissions

in their scenario; furthermore the finer classification of their

emission scenario compared with Warwick et al. (2006) is

Atmos. Chem. Phys., 13, 8915–8934, 2013 www.atmos-chem-phys.net/13/8915/2013/
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Table 1. Statistical moments: mean (µ), median, standard deviation (σ), minimum and maximum values of atmospheric mixing ratio (ppt)

and oceanic concentration (pmol L−1) climatologies of CHBr3, CH2Br2 and CH3I based on the RF and OLS regression analyses.

Compound µ Median σ Minimum Maximum

RF OLS RF OLS RF OLS RF OLS RF OLS

Atmosphere

CHBr3 0.9 1.1 1.0 1.6 1.2 1.6 0.01 0.03 53.1 53.1

CH2Br2 1.0 1.1 1.0 1.1 0.4 0.4 0.07 0.07 7.8 7.8

CH3I 0.7 0.8 0.7 0.7 0.4 0.4 0.05 0.01 7.3 7.3

Ocean

CHBr3 5.9 9.3 3.1 4.4 9.8 14.6 0.29 0.19 823.0 823.0

CH2Br2 2.9 3.5 1.9 2.6 2.4 2.7 0.01 0.01 89.8 89.8

CH3I 3.2 3.9 2.6 3.4 2.6 2.9 0.03 0.05 39.6 39.6

Table 2. Statistical moments: mean (µ), median, standard deviation (σ), minimum and maximum values for the calculated global sea-to-air

flux climatologies of CHBr3, CH2Br2 and CH3I based on the RF and OLS regression analyses, in pmol m−2 h−1.

Global Sea-to-Air µ Median σ Minimum Maximum

Flux Climatology RF OLS RF OLS RF OLS RF OLS RF OLS

CHBr3 154.9 236.2 47.1 89.7 549.7 749.6 −5339 −5230 19 618 19 618

CH2Br2 76.5 112.4 79.3 78.8 237.9 258.4 −1687 −1714 3978 3978

CH3I 329.6 405.0 307.3 385.2 289.8 348.3 −49 −55 4895 4878

Table 3. The emission distribution of CHBr3, CH2Br2 and CH3I

calculated with two different regression methods (RF and OLS) for

different latitudinal bands (see text for explanation), expressed as a

percentage.

CHBr3 CH2Br2 CH3I

RF OLS RF OLS RF OLS

50–90◦ N 22.8 21.2 −9.7 −4.9 10.4 7.6

20–50◦ N 7.4 15.9 13.7 19.1 19.8 20.3

20◦ N–20◦ S 54.7 43.6 48.9 44.3 28.9 32.1

20–50◦ S 22.7 19.3 25.1 22.1 32.8 34.1

50–90◦ S −7.6 0.007 22.0 19.5 8.2 5.9

similar to our study. Another comparable classification (lat-

itudinal bands, higher emissions in coastal regions) is used

in the model (top-down approach) by Ordonez et al. (2012),

who parameterized oceanic polybromomethanes emissions

based on a chlorophyll a (chl a) dependent source in the

tropical ocean (20◦ N to 20◦ S). We also see the occurrence of

enhanced bromoform, as well as dibromomethane emissions

in tropical upwelling regions and in coastal regions, although

a direct correlation between chl a and the VSLS compounds

is not apparent from the observations (Abrahamsson et al.,

2004; Quack et al., 2007b). Palmer and Reason (2009) devel-

oped a parameterization for CHBr3 based on chl a (between

30◦ N and 30◦ S), including other parameters (mixed layer

depth, sea surface temperature and salinity, wind speed). The

correlation between his modelled values and observations

is, with r2 = 0.4, low, which reveals the deficiency of this

method (and chl a).

In some studies local emission estimates are extrap-

olated to a global scale. Extrapolating near-shore emis-

sions may significantly overestimate the global sea-to-air

fluxes, since they generally include elevated coastal con-

centrations, which are not representative of the global

ocean. Yokouchi et al. (2005) applied a coastal emission

ratio of CHBr3/CH2Br2 of 9, and a global emission of

0.76 Gmol Br yr−1 for CH2Br2 to infer a global CHBr3 flux

estimate of 10.26 ± 3.88 Gmol Br yr−1. O’Brien et al. (2009)

followed the same method and extrapolated local near-shore

measurements in the region surrounding Cape Verde to a

global scale using an emission ratio of CHBr3/CH2Br2 = 13.

The global fluxes from these studies are nearly four times

higher than those calculated in our study. However, since the

emission ratios of CHBr3 to CH2Br2 are generally higher in

coastal regions than in the other areas (Hepach et al., 2013),

the calculated global flux for CHBr3 could be an overestima-

tion.

Butler et al. (2007) and Quack and Wallace (2003) inter-

polated oceanic and atmospheric in situ measurements for

global emission estimates. Butler et al. (2007) subdivided

the ocean into the main basins and calculated the fraction

of each compound for each region as a percentage. Coastal

areas were not considered. The extrapolation by Quack and

Wallace (2003) contained most of the currently available

www.atmos-chem-phys.net/13/8915/2013/ Atmos. Chem. Phys., 13, 8915–8934, 2013
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Table 4. Fluxes of bromine from CHBr3 and CH2Br2 in Gmol Br yr−1, and iodine from CH3I in Gmol I yr−1.

References CHBr3 Flux CH2Br2 Flux CH3I Flux Approach

(Gmol Br yr−1) (Gmol Br yr−1) (Gmol I yr−1)

Global Global Global

Butler et al. (2007) 10.01 3.50 4.33 bottom-up

Liang et al. (2010) 5.38 0.71 top-down

O’Brien et al. (2009) 10.26 bottom-up

Yokouchi et al. (2005) 10.26 bottom-up

Warwick et al. (2006) 7.01 1.25 top-down

Pyle et al. (2011) 4.78 1.25 top-down

Quack and Wallace (2003) 10.01 bottom-up

Smythe-Wright et al. (2006) 4.18 lab experiment

Bell et al. (2002) 2.4 model study

Ordonez et al. (2011) 6.67 0.84 2.39 top-down

Kerkweg et al. (2008) 7.45 1.41 top-down

Source Sink Source Sink Source Sink

This study RF 2.06 −0.56 0.89 −0.12 1.24 −0.00008 bottom-up

This study OLS 2.96 −0.47 1.09 −0.11 1.45 −0.0001 bottom-up

Fig. 7. Inter-annual sea-to-air flux variability over 1989–2011

(bold solid line) of bromoform (left), dibromomethane (centre) and

methyl iodide (right) calculated with the two regression techniques

(RF (lower panels) and OLS (upper panels)), in Gmol (Br/I) yr−1.

Additionally, the respective climatological value is marked (dash-

dotted line) as well as the standard deviation (grey shaded).

published measurements and used a finer area classification

for shore, shelf and open ocean regions as well as for lati-

tudinal bands. Both bottom-up approaches applied a coarse

data interpolation compared to the classification and regres-

sion techniques used in this study and appear too high.

We calculate a global CH2Br2 sea-to-air flux of 0.77–

0.98 Gmol Br yr−1, which is also in the lower (0.71–

3.5 Gmol Br yr−1) range of the other estimates (Table 4), but

is in much closer agreement compared to the other com-

pounds. Reasons for the good agreement with recent stud-

ies could be the longer atmospheric lifetime of CH2Br2 and

the lower variance of sea water values which cause a more

homogenous global distribution.

Some earlier emission estimations for CH3I (1.05–

10.5 Gmol I yr−1) are given by Bell et al. (2002), who pro-

duced the first seasonal model simulation of global oceanic

and atmospheric CH3I surface concentrations. A low corre-

lation between observations and modelled data was obtained

(r = 0.4). The authors assumed a missing biological sink

of CH3I in the ocean that would have reduced their com-

puted concentrations to better match the observations. Sink

and source mechanisms for the formation of CH3I are not

fully understood, making it difficult to model CH3I emissions

based on source and sink parameterizations. In our study a

global sea-to-air flux of 1.24–1.45 Gmol I yr−1 is estimated,

which is within the lower range of earlier studies (Table 4).

Our calculated climatology uses a larger dataset than the

study of Bell et al. (2002). Ordonez et al. (2012) calculate

a global CH3I flux of the same magnitude as our study us-

ing a top-down approach with a modified global chemistry

model that includes bromine and iodine chemistry. Smythe-

Wright et al. (2006) calculated a global flux of iodine from

Prochlorococcus marinus of ∼ 4.18 Gmol I yr−1 based on

measurements from two cruises. The latter study assumes

that this phytoplankton species is the major marine source

of atmospheric CH3I. The assumption of Smythe-Wright et

al. (2006) that the oceanic surface (< 40◦ N and S) is cov-

ered with CH3I-producing picoplankton might overestimate

the global CH3I sea-to-air flux. Calculations based on culture

experiments from Brownell et al. (2010) demonstrate that

Prochlorococcus marinus accounts only for 0.03 % of the

global CH3I budget and is not a globally significant source

of CH3I. Hughes et al. (2011) suggest different culture con-

ditions as a possible explanation for the contradictory find-

ings of the culture experiments. The bottle experiments of
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Fig. 8. Global monthly sea-to-air flux averages of bromoform (left),

dibromomethane (centre) and methyl iodide (right) in mol (Br/I)

month−1 (bold solid line) from 1989 to 2011, including their stan-

dard deviation (grey shaded area) and their minimum and maximum

value (solid line). Additionally, the respective annual mean value is

marked (dash-dotted line). The upper graphs show the oceanic emis-

sions using the OLS regression technique and the bottom graphs the

RF calculated fluxes.

Richter and Wallace (2004) suggested a photochemical pro-

duction pathway of CH3I in open ocean water which might

also explain our surface distribution (enhanced emissions in

the subtropical gyre regions).

The comparison of our global sea-to-air fluxes with other

global estimates reveals the greatest discrepancy for bromo-

form. We have shown that bromoform levels are the most

variable in the ocean and atmosphere. Possibly, the under-

representation of extreme values generates too small concen-

tration gradients, which reduces our total emission estimate.

Especially in coastal and shelf regions, the 1◦ × 1◦ grid reso-

lution cannot resolve these extreme concentrations and very

likely leads to underestimated emissions.

5 Variability of the climatological sea-to-air fluxes

We calculate global emission fields using fixed oceanic con-

centrations and atmospheric mixing ratios and the highest

available temporal resolution of the input parameters over

the time period 1989–2011: 6-hourly means of U , SST, SLP

and monthly means for the SSS. The global emissions of ev-

ery time step are averaged over each month and the average

monthly emissions are summed to the annual climatologi-

cal emission. The climatologies thus include annual, seasonal

and short timescale temporal variability.

5.1 Variability of the concentration data

The calculated global 1◦ × 1◦ maps of oceanic concentra-

tions and atmospheric mixing ratios include in situ measure-

ments from 1989 to 2011, illustrating a climatological year

and covering the entire globe. Seasonally changing condi-

tions, e.g. light and water temperature or biological species

composition, which have an influence on the variability of

the air and water concentrations in certain areas (Archer et

al., 2007; Orlikowska and Schulz-Bull, 2009), are not con-

sidered because of the generally poor temporal data cover-

age. Fitting the in situ measurements onto our 1◦ × 1◦ grid

(by using objective mapping) leads on average to a reduction

of the initial atmospheric mixing ratios and oceanic concen-

trations of less than 1 %. The accuracy of the interpolation is

limited by the sparse data coverage and the regression tech-

nique used. Seasonal and spatial accuracy could be improved

if a larger dataset was available. Thus we recommend more

measurements, especially in the ocean, as well as a refine-

ment of process understanding. The temporal variability of

the SST is considered in the concentration gradient, used in

the sea-to-air flux calculation, by computing a new equilib-

rium concentration for every 6 h time step from 1989 to 2011.

5.2 Annual and seasonal variability

The inter-annual variability of the global sea-to-air flux from

1989 to 2011 is small and generally less than 5 % (Fig. 7).

The halocarbons all show a positive trend towards 2011.

Within a year, the global flux varies monthly for every halo-

genated compound (Fig. 8). The maximum global sea-to-air

flux is most pronounced in July for all compounds, while the

minimum is reached in March–April for CHBr3 and CH3I

and in October for CH2Br2. The climatological monthly

flux and the corresponding minimum and maximum monthly

fluxes vary between 9 and 21 %. CH3I shows the smallest

mean deviation with 9 and 11 % for OLS and RF respec-

tively, whereas the variation for CH2Br2 is between 14 and

17 % and for CHBr3 between 17 and 21 %. Thus the sea-

sonal variation of the global climatological flux is larger than

the inter-annual variation, despite the shifting of the seasons

(half a year) between the Northern Hemisphere and Southern

Hemisphere. The global climatological fluxes, obtained from

the sum of the monthly averages between 1989 and 2011, de-

scribe the current best possible estimates of the moderately

varying annual and seasonal global emissions. However, the

results do not consider a seasonally varying influence of ei-

ther the water or the air concentration on the emission be-

cause the current sparse investigations do not allow a suitable

parameterization of the VSLS yet.

5.3 Short time variability of fluxes

In situ fluxes from a cruise (TransBrom) between Japan

and Australia in October 2009 are compared to the near-

est grid points of our climatology (Fig. 9) as an example

for the influence of short time variability. The TransBrom

data include 105 CHBr3 and CH2Br2 measurements and

96 CH3I measurements, and are included in the climatol-

ogy. The cruise transited through different biogeochemical

regions with varying meteorological conditions influencing

www.atmos-chem-phys.net/13/8915/2013/ Atmos. Chem. Phys., 13, 8915–8934, 2013



8930 F. Ziska et al.: Global sea-to-air flux climatology

(a) (b) (c)

(d) (e) (f )

Fig. 9. The upper panels illustrate the comparison between our climatological estimate (black line) and the in situ sea-to-air fluxes from the

TransBrom cruise (red line) for bromoform (a), dibromomethane (b) and methyl iodide (c) in pmol m−2 h−1 (see more details in the text)

including the climatological minimum and maximum values (grey shaded area). The lower panels represent the same in situ measurements

compared to our model values using the nearest 6-hourly mean of SST, U and SLP and monthly mean of SSS with fixed mixing ratios and

oceanic concentrations calculated with the RF method for bromoform (d), dibromomethane (e) and methyl iodide (f) (the emissions using

OLS look similar).

the strength of VSLS emissions (Krüger and Quack, 2012).

The in situ and climatological sea-to-air fluxes for bro-

moform and dibromomethane compare very well in the

Northern Hemisphere, where small concentration gradients

are found in the open oceans. The enhanced emissions in

the Southern Hemisphere encountered during the cruise are

under-represented in the climatology. Comparison of the

methyl iodide in situ fluxes and the climatology shows a sim-

ilar trend, although the extreme values of the in situ mea-

surements are highly under-represented in the climatological

mean flux value. Our climatology underestimates the short-

term measured fluxes by smoothing the values of the varying

input parameters. The mean deviation between the climatol-

ogy and the in situ fluxes during October 2009 is ∼ 120 % for

CHBr3, ∼ 20 % for CH2Br2 and ∼ 176 % for CH3I, respec-

tively.

We also calculate the sea-to-air fluxes using the nearest

temporal and spatial 6-hourly means (highest available reso-

lution) of SST, SLP and U , the monthly mean of the SSS and

the climatological oceanic concentration and mixing ratios,

and compare them to the measured fluxes (Fig. 9). The mean

deviation between the 6-hourly means and the in situ fluxes

for the three compounds is only ∼ 48 % for CHBr3, ∼ 15 %

for CH2Br2 and 51 % for CH3I. These values show the good

match between “modelled” and in situ measurements and

validate the predictive capability of this approach. The cli-

matological minimum and maximum values of the cruise

nearest data points (Fig. 9, upper panel) reveal how variable

the “modelled” fluxes can be at a single location. While most

in situ fluxes are included in the 6 h minimum and maximum

range from 1989 to 2011, it is also noteworthy that even with

this high temporal (6 h) resolution of input parameters, the

“modelled” fluxes can neither match the extreme values of

the encountered in situ fluxes, nor do they resolve the high

variability of the in situ fluxes completely. An additional fac-

tor for the under-representation of the extreme in situ values

is the mean concentration gradient (1◦ × 1◦ resolution) in our

“model”. In the vicinity of source regions, e.g. coast lines, the

water concentrations can vary by more than 100 % over short

distances (Butler et al., 2006), which strongly influences the

in situ fluxes and is likely not resolved in the model due to

poor data coverage.

6 Summary and conclusion

Global sea-to-air flux climatologies (considering the time

span from 1989 to 2011 of the three important short-lived

halocarbons, bromoform, dibromomethane and methyl io-

dide) are calculated based on surface oceanic and atmo-

spheric measurements from the HalOcAt database. The phys-

ical and biogeochemical factors of the compounds’ distribu-

tions in ocean and atmosphere are also considered. Data are

classified into coastal, shelf and open ocean regions, and are

interpolated on a 1◦ × 1◦ grid. The missing grid values are

Atmos. Chem. Phys., 13, 8915–8934, 2013 www.atmos-chem-phys.net/13/8915/2013/



F. Ziska et al.: Global sea-to-air flux climatology 8931

filled with robust fit (RF) and ordinary least squares (OLS)

regression techniques based on the latitudinal and longitudi-

nal distribution of the compounds. The RF interpolation esti-

mates background values, since it is weighted on the quantity

of measurements, whereas the OLS regressions include ex-

treme data and therefore represent our highest values. Global

emission fields are calculated with a high temporal resolution

of 6-hourly wind speed, sea surface temperature and sea level

pressure data. The climatological annual global flux for 1989

to 2011 is obtained as sum of the monthly average fluxes.

We estimate positive global sea-to-air fluxes of CHBr3,

CH2Br2 and CH3I of 2.06/2.96, 0.89/1.09 Gmol Br yr−1 and

1.24/1.45 Gmol I yr−1, based on RF/OLS respectively, which

are all at the lower end of earlier studies. Previous global cli-

matological estimate studies have not determined negative

fluxes (flux into the ocean). We estimate negative global sea-

to-air fluxes of −0.47/−0.56, −0.11/−0.12 Gmol Br yr−1

and −0.08/−0.1 Mmol I yr−1 for CHBr3, CH2Br2 and CH3I,

respectively. The net oceanic emissions of our climatology

are 1.5/2.5 Gmol Br yr−1 for CHBr3, 0.78/0.98 Gmol Br yr−1

for CH2Br2, and 1.24/1.45 Gmol I yr−1 for CH3I.

Our low bottom-up emission estimates, compared to re-

cent top-down approaches, especially for bromoform, are

most likely caused by an under-representation of extreme

emissions. Observed high temporal and spatial in situ vari-

ances cannot be resolved in the 1◦ × 1◦ grid climatology.

It is still unclear how important extreme events are for the

global bromoform budget, but we suggest that small spatial

and temporal events of high oceanic bromoform emissions

are important for the transport of bromine into the tropo-

sphere and lower stratosphere. The monthly variation of the

global climatological flux (9–21 %) is contained within our

calculations and it is larger than the inter-annual variability,

which is generally less than 5 % for all three compounds.

Our global sea-to-air flux estimates can be used as input

for different model calculations. The existing uncertainties

can be reduced by enlarging of the HalOcAt database with

more measurements, especially in ocean waters, common

calibration techniques and more basic research into the un-

derlying source and sink processes.

Supplementary material related to this article is

available online at: http://www.atmos-chem-phys.net/13/

8915/2013/acp-13-8915-2013-supplement.zip.
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Abstract. Emissions of halogenated very short-lived sub-

stances (VSLS) are poorly constrained. However, their in-

clusion in global models is required to simulate a realis-

tic inorganic bromine (Bry) loading in both the troposphere,

where bromine chemistry perturbs global oxidising capac-

ity, and in the stratosphere, where it is a major sink for

ozone (O3). We have performed simulations using a 3-D

chemical transport model (CTM) including three top-down

and a single bottom-up derived emission inventory of the

major brominated VSLS bromoform (CHBr3) and dibro-

momethane (CH2Br2). We perform the first concerted eval-

uation of these inventories, comparing both the magnitude

and spatial distribution of emissions. For a quantitative eval-

uation of each inventory, model output is compared with in-

dependent long-term observations at National Oceanic and

Atmospheric Administration (NOAA) ground-based stations

and with aircraft observations made during the NSF (Na-

tional Science Foundation) HIAPER Pole-to-Pole Observa-

tions (HIPPO) project. For CHBr3, the mean absolute de-

viation between model and surface observation ranges from

0.22 (38 %) to 0.78 (115 %) parts per trillion (ppt) in the trop-

ics, depending on emission inventory. For CH2Br2, the range

is 0.17 (24 %) to 1.25 (167 %) ppt. We also use aircraft ob-

servations made during the 2011 Stratospheric Ozone: Halo-

gen Impacts in a Varying Atmosphere (SHIVA) campaign,

in the tropical western Pacific. Here, the performance of the

various inventories also varies significantly, but overall the

CTM is able to reproduce observed CHBr3 well in the free

troposphere using an inventory based on observed sea-to-air

fluxes. Finally, we identify the range of uncertainty associ-

ated with these VSLS emission inventories on stratospheric

bromine loading due to VSLS (BrVSLS
y ). Our simulations

show BrVSLS
y ranges from ∼ 4.0 to 8.0 ppt depending on the

inventory. We report an optimised estimate at the lower end

of this range (∼ 4 ppt) based on combining the CHBr3 and

CH2Br2 inventories which give best agreement with the com-

pilation of observations in the tropics.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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1 Introduction

On regional to global scales, bromine (Br) chemistry plays

an important role in atmospheric composition. In the strato-

sphere, through coupling with analogous chlorine radicals,

active bromine (Brx = Br + BrO) takes part in catalytic cy-

cles (e.g. BrO–ClO) which cause large seasonal ozone (O3)

loss during polar spring (e.g. Solomon, 1999, and refer-

ences therein). At midlatitudes, a cycle involving hydroper-

oxyl radicals (HO2) (e.g. Lary, 1996) is also significant,

particularly during periods of elevated stratospheric aerosol

when heterogeneous halogen activation is enhanced (Salaw-

itch et al., 2005; Feng et al., 2007). Reduced column O3

increases the transmission of potentially harmful ultravio-

let (UV) radiation to the surface, in addition to impacting

surface temperature and climate both directly and indirectly

(e.g. WMO, 2011, and references therein).

In the troposphere, where understanding of halogen im-

pacts is evolving rapidly (e.g. Saiz-Lopez and von Glasow,

2012), Br-mediated O3 loss is also significant (von Glasow

et al., 2004; Yang et al., 2005), such as in the marine bound-

ary layer (MBL) (e.g. Read et al., 2008) where biogenic

emissions of halogenated species can be large (e.g. Carpenter

and Liss, 2000; Quack and Wallace, 2003). Modelling work

has also highlighted the importance of halogen-driven O3

loss in the mid–upper troposphere (Saiz-Lopez et al., 2012).

Through reactions involving HOx (OH and HO2) and NOx

(NO and NO2), bromine chemistry may indirectly perturb

oxidising capacity and thus impact the lifetime of greenhouse

gases (GHGs) such as methane (CH4) (e.g. Lary and Toumi,

1997). Bromine chemistry may also impact other climate-

relevant species; e.g. bromine monoxide (BrO) is a signifi-

cant sink for dimethyl sulfide (DMS) – a precursor for cloud

condensation nuclei (CCN) (Breider et al., 2010).

Sources of organic bromine include anthropogenic emis-

sions of long-lived halons (e.g. CBrF3, Halon 1301) and also

methyl bromide (CH3Br), whose emissions are mostly bio-

genic (>70 %) (e.g. WMO, 2011). As their production is

regulated under the Montreal Protocol (and amendments),

the total tropospheric bromine burden from these gases is

now declining, from a peak observed towards the end of the

20th century (Montzka et al., 2003). Given their long tropo-

spheric lifetimes, these gases are a relatively minor source

of total inorganic bromine (Bry) below the tropopause. How-

ever, in the stratosphere they account for ∼ 75 % of the total

Bry budget. The remainder is thought to arise from so-called

very short-lived substances (VSLS) of predominately natural

oceanic origin (e.g. Sturges et al., 2000; Pfeilsticker et al.,

2000). In recent years, both observational (e.g. Sioris et al.,

2006; Dorf et al., 2006, 2008; Salawitch et al., 2010; Brinck-

mann et al., 2012) and modelling (e.g. Schofield et al., 2011;

Hossaini et al., 2012b; Tegtmeier et al., 2012; Aschmann and

Sinnhuber, 2013) studies have constrained their contribution

to stratospheric Bry (BrVSLS
y ) – currently estimated at 1–8

parts per trillion (ppt) (Montzka and Reimann, 2011).

The most abundant Br-containing VSLS are bromoform

(CHBr3) and dibromomethane (CH2Br2) with mean MBL

mixing ratios of ∼ 1.1 and 1.5 ppt. As their nominal surface

lifetimes are short (∼ 26 and 120 days, assuming [OH] =

1 × 106 molecules cm−3 and a global/seasonal mean photol-

ysis rate), and their emissions exhibit significant spatial and

temporal inhomogeneity, tropospheric gradients can be large

(Montzka and Reimann, 2011). Localised hot-spots, where

emissions are relatively strong, have been identified; for ex-

ample Mace Head (Ireland) (e.g. Carpenter et al., 2005). At

present, the total global source strength of these VSLS are

poorly constrained and range from 430 to 1400 Gg Br yr−1

and 57–280 Gg Br yr−1 for CHBr3 and CH2Br2 (Montzka

and Reimann, 2011). For global-scale models, a sound treat-

ment of the magnitude and spatial distribution of VSLS emis-

sions is required in order to simulate a reasonable Bry bud-

get in both the troposphere and the stratosphere. As recent

chemistry–climate model (CCM) studies suggest BrVSLS
y in

the lower stratosphere may increase in response to climate

change (Dessens et al., 2009; Hossaini et al., 2012a), valida-

tion of VSLS emission inventories is particularly important.

Here, we use a three-dimensional (3-D) chemical trans-

port model (CTM) to investigate global CHBr3 and CH2Br2

emission inventories. We perform the first concerted evalua-

tion of three top-down and a single bottom-up derived inven-

tory using a combination of long-term ground-based obser-

vations and aircraft observations. A case study for the period

of the 2011 Stratospheric Ozone: Halogen Impacts in a Vary-

ing Atmosphere (SHIVA) campaign, in which aircraft VSLS

observations were obtained over the poorly sampled tropi-

cal western Pacific, is also performed. Finally, we update

our previous model estimate of stratospheric BrVSLS
y based

on these new emission data sets. Section 2 provides a de-

scription of the CTM and the emission inventories. Section 3

contains a quantitative comparison of the CTM with ground-

based data. Section 4 contains a comparison of the CTM with

observations from the recent HIAPER Pole-to-Pole Observa-

tion (HIPPO) campaigns. Section 5 highlights results from

the SHIVA western Pacific case study. Section 6 examines

the sensitivity of BrVSLS
y to emission inventories. A summary

and conclusions are given in Sect. 7.

2 Model and experiments

TOMCAT is a global 3-D CTM described in Chipperfield

(2006). The CTM runs offline and uses prescribed 6 h wind,

temperature and humidity fields from the European Centre

for Medium-Range Weather Forecasts (ECMWF) ERA In-

terim reanalysis. The CTM includes a treatment of convec-

tion, described in Stockwell and Chipperfield (1999) and fur-

ther validated in Feng et al. (2011), based on the mass flux

scheme of Tiedtke (1989). Vertical winds are diagnosed from

divergence. In the boundary layer, turbulent mixing follows

the non-local scheme of Holtslag and Boville (1993). For

Atmos. Chem. Phys., 13, 11819–11838, 2013 www.atmos-chem-phys.net/13/11819/2013/
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tracer advection, the CTM uses the conservation of 2nd-order

moments scheme of Prather (1986). The CTM was run with

a resolution of ∼ 2.8◦ longitude × ∼ 2.8◦ latitude and with

60 hybrid sigma-pressure (σ -p) levels (surface to ∼ 60 km).

The CTM configuration here is similar to that of Hos-

saini et al. (2012b) and includes 5 brominated very

short-lived (VSL) source gases (SGs): CHBr3, CH2Br2,

dibromochloromethane (CHBr2Cl), bromodichloromethane

(CHBrCl2) and bromochloromethane (CH2BrCl). Loss of

these SGs occurs via oxidation with the hydroxyl radical

(OH) or by photolysis, calculated using the recommended

rate constants/absorption cross-section data of Sander et al.

(2011). For simulations here, the CTM used a prescribed

monthly mean OH field which was used in TransCom-CH4

(Patra et al., 2011) and produced reasonable simulations of

methyl chloroform (CH3CCl3) and CH4.

2.1 Biogenic emissions from the ocean

Given the significant uncertainty in global VSLS emissions,

TOMCAT was run for the period 1 January 1997 to 31 De-

cember 2011 with 4 previously published oceanic CHBr3 and

CH2Br2 emission inventories. Run SLiang used the top-down

emission fluxes of Liang et al. (2010) (hereafter “Liang-

2010”). Run SWarwick used the top-down estimates described

in Warwick et al. (2006) and updated in Pyle et al. (2011)

(hereafter “Warwick-2011”). Run SOrdonez used the top-down

estimates of Ordóñez et al. (2012) (“Ordóñez-2012”). Fi-

nally, run SZiska used the bottom-up emission fluxes proposed

by Ziska et al. (2013) (“Ziska-2013”). The global total emis-

sions for each source gas under each scenario is given in Ta-

ble 1.

The top-down inventories described below rely on air-

craft observations of CHBr3 and CH2Br2 to constrain sur-

face fluxes using a global model. Assumptions regarding the

latitudinal distribution and the relative importance of open

ocean versus coastal emissions are made and vary between

inventories. Therefore, some of the most significant uncer-

tainty in the top-down approach is due to the lack of avail-

able CHBr3 and CH2Br2 observations in the free troposphere

over certain regions and due to the lack of understanding

of emission distribution. An iterative modelling approach is

used whereby the magnitude of emissions within a given lat-

itude band is adjusted, in a sequential set of simulations, to

yield the optimised agreement with observations. Model pa-

rameters, such as coarse horizontal resolution, may add fur-

ther uncertainty as strong local emissions, such as those from

coastal regions, are smeared over a relatively large grid box.

The use of observations representative of the background tro-

pospheric CHBr3 and CH2Br2 loading may also lead to an

under-representation of particularly strong local emissions or

hot-spots in the top-down approach.

The Warwick-2011 scenario is a top-down estimate based

on the original work of Warwick et al. (2006). Aircraft ob-

servations of CHBr3 and CH2Br2, collected during the 1999

Table 1. Summary of 14 yr CTM runs and the global total source

strength (Gg source gas yr−1) of CHBr3 and CH2Br2.

Run Scenario Derivation CHBr3 CH2Br2

SLiang Liang-2010 Top-down 450 62

SWarwick Warwick-2011 Top-down 380 113

SOrdonez Ordóñez-2012 Top-down 533 67

SZiska Ziska-2013 Bottom-up 183 64

National Aeronautics and Space Administration (NASA) Pa-

cific Exploratory Mission (PEM) Tropics B, were used to

constrain surface emissions. The updated scenario used here

is based on scenario 5 outlined in Warwick et al. (2006), how-

ever South-east Asian CHBr3 emissions have been scaled

down to give agreement with surface observations collected

at Danum Valley, Borneo. This updated scenario is further

described in Pyle et al. (2011).

The Liang-2010 scenario is also a model top-down es-

timate constrained by aircraft observations. These observa-

tions were mostly concentrated around the Pacific and North

America between 1996 and 2008 and include the following

campaigns: PEM-Tropics, TRACE-P, INTEX, TC4, ARC-

TAS, STRAT, Pre-AVE and AVE (Liang et al., 2010). The

emissions were formulated using a baseline scenario from

Warwick et al. (2006), which was adjusted in both magni-

tude and location, so that modelled CHBr3 and CH2Br2 gave

good agreement with observations in the mid-troposphere,

and the observed vertical gradient was well represented. The

spatial distribution of emissions is assumed to be equal for

CHBr3 and CH2Br2.

The Ordóñez-2012 scenario is the third top-down es-

timate. It is formulated using the same aircraft observa-

tions as Liang-2010 but also includes those obtained dur-

ing the NASA POLARIS and SOLVE missions. This sce-

nario is relatively sophisticated as, in the tropics (±20◦),

VSLS emissions are weighted towards the concentration of

chlorophyll a (chl a); a potential proxy for oceanic bio-

productivity. A monthly-varying satellite chl a climatology

was used which allows some seasonality in the magnitude

of the CHBr3 and CH2Br2 emission fields. This is the only

inventory to consider such seasonality. Outside of tropical

latitudes the sea–air flux is constant with coastal emissions

assumed to be a factor of 2.5 larger than the open ocean.

Finally, the Ziska-2013 scenario is a bottom-up estimate

of emissions. Based on data of the HalOcAt database project

(https://halocat.geomar.de/), global surface marine and at-

mospheric concentration maps of CHBr3 and CH2Br2 (and

CH3I) were calculated in order to derive global sea-to-air

flux estimates. The available in situ measurements were clas-

sified according to current knowledge about the distribution

and possible sources of each compound, as well as the phys-

ical and biogeochemical characteristics of ocean and atmo-

sphere. Missing 1◦ × 1◦ grid values were extrapolated with

www.atmos-chem-phys.net/13/11819/2013/ Atmos. Chem. Phys., 13, 11819–11838, 2013
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a

b

c

d

Fig. 1. Bromoform emission field (10−13 kg m−2 s−1) on 1◦ × 1◦

grid for global (left) and western Pacific (right) regions. Emissions

from the (a) Liang-2010, (b) Warwick-2011, (c) Ordóñez-2012 and

(d) Ziska-2013 scenarios.

the ordinary least square (OLS) regression technique depend-

ing on longitude and latitude. The OLS method includes out-

liers and thus represents the spread and variable concentra-

tion distribution well. Based on the generated marine and

atmospheric surface concentration maps, global climatolog-

ical emission maps were calculated with a commonly used

sea-to-air flux parameterisation. This applied highly tempo-

ral (6 h) resolved wind speed, sea surface temperature, salin-

ity and pressure data (Ziska et al., 2013).

Global emission maps for CHBr3 and CH2Br2 are shown

in Figs. 1 and 2, respectively. All scenarios differ signifi-

cantly over the tropical western Pacific – an important re-

gion for the troposphere–stratosphere transport of VSLS

(e.g. Aschmann et al., 2009), where observations of these

species are limited. The latitudinal-dependence of emissions

is shown in Fig. 3. For CHBr3, significant variation between

the top-down derived estimates (Warwick-2011, Liang-2010,

Ordóñez-2012) and the bottom-up estimate (Ziska-2013) is

apparent – particularly in the tropics (±20◦) and at high lati-

tudes (> 60◦) in the Northern Hemisphere (NH). For CH2Br2,

a

b

c

d

Fig. 2. As Fig. 1 but for dibromomethane (10−14 kg m−2 s−1). Note

the change in scale.

the total global source strength between inventories is more

consistent (Table 1), with the exception of Warwick-2011 in

which it is ∼ 1.7× larger than the others. Both Warwick-

2011 and Ziska-2013 exhibit a significantly stronger CH2Br2

emission in the tropics relative to Liang-2010 and Ordóñez-

2012. The Ziska-2013 inventory also contains particularly

strong emissions in the Southern Hemisphere (see Ziska

et al., 2013).

For minor VSLS (CHBr2Cl, CHBrCl2 & CH2BrCl), emis-

sions are not specified, rather their surface abundance is con-

strained using an assumed uniform volume mixing ratio (0.3,

0.3, 0.5 ppt) based on compiled observations in the tropical

MBL (Montzka and Reimann, 2011). Note, Warwick et al.

(2006) and Ordóñez et al. (2012) reported emissions for these

species but they are not available at present from the other

inventories considered. While these minor VSLS are not the

focus of this work, they are included in the calculation of

BrVSLS
y in Sect. 6. As their nominal lifetime is relatively

long-lived at the surface (59, 78 and 137 days) (Montzka and

Reimann, 2011), the spatial distribution of emission is less

important for their troposphere–stratosphere transport (rela-

tive to CHBr3).

Atmos. Chem. Phys., 13, 11819–11838, 2013 www.atmos-chem-phys.net/13/11819/2013/
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(a) CHBr3
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Fig. 3. Zonally averaged global emission source strength

(10−13 kg m−2 s−1) for (a) CHBr3 and (b) CH2Br2.

3 Evaluation of emission inventories with long-term

ground-based observations

Previous model studies have used aircraft observations to

validate simulated VSLS profiles in the upper troposphere

(e.g. Liang et al., 2010; Ashfold et al., 2012; Hossaini et al.,

2012b; Ordóñez et al., 2012). Ideally, global models should

be evaluated against observations from multiple platforms.

For VSLS, whose emissions are poorly constrained and

represent a significant uncertainty in global-scale models,

a robust validation of available emission inventories with

ground-based observations is desirable. As the troposphere–

stratosphere transport of VSLS is highly dependant on the

location of emissions (Aschmann et al., 2009), validation of

both the spatial distribution and magnitude of emissions is

needed. However, to date an evaluation of published emis-

sion inventories has yet to be be performed.

In this study, multi-annual observations of CHBr3 and

CH2Br2 at 14 ground-based stations (Table 2) have been

used to validate modelled fields and test emission esti-

mates. The observed data are from an ongoing cooperative

flask sampling program of the National Oceanic and At-

mospheric Administration/Earth System Research Labora-

tory (NOAA/ESRL). Figure 4 shows the location of obser-

vations. Whole air samples (WAS) were collected approxi-

mately weekly into paired steel or glass flasks and were anal-

ysed using gas chromatography/mass spectrometry (GC-MS)

Table 2. Summary and location of NOAA/ESRL ground-based sta-

tions arranged from north to south. * Stations SUM, MLO and SPO

elevated at ∼ 3210, 3397 and 2810 m respectively.

Station Name Lat Lon

ALT Alert, NW Territories, Canada 82.5◦ N 62.3◦ W

SUM∗ Summit, Greenland 72.6◦ N 38.4◦ W

BRW Pt. Barrow, Alaska, USA 71.3◦ N 156.6◦ W

MHD Mace Head, Ireland 53.0◦ N 10.0◦ W

LEF Wisconsin, USA 45.6◦ N 90.2◦ W

HFM Massachusetts, USA 42.5◦ N 72.2◦ W

THD Trinidad Head, USA 41.0◦ N 124.0◦ W

NWR Niwot Ridge, Colorado, USA 40.1◦ N 105.6◦ W

KUM Cape Kumukahi, Hawaii, USA 19.5◦ N 154.8◦ W

MLO∗ Mauna Loa, Hawaii, USA 19.5◦ N 155.6◦ W

SMO Cape Matatula, American Samoa 14.3◦ S 170.6◦ W

CGO Cape Grim, Tasmania, Australia 40.7◦ S 144.8◦E

PSA Palmer Station, Antarctica 64.6◦ S 64.0◦ W

SPO∗ South Pole 90.0◦ S –
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Fig. 4. Location of NOAA/ESRL ground-based monitoring stations.

Note, the close proximity of stations MLO and KUM (see Table 2).

In this work we group the stations into 5 latitude bands; high NH

(≥ 60◦ N), midlatitude NH (30–60◦ N), tropical (±30◦), midlati-

tude SH (30–60◦ S) and high SH (≥ 60◦ S). Also shown are the

flight tracks from the NSF HIPPO aircraft campaigns (1–5) which

took place between 2009 and 2011 (see Sect. 4). The location of the

SHIVA aircraft campaign (see Sect. 5) that took place in the tropical

western Pacific during Nov–Dec 2011 is also indicated.

(Montzka et al., 2003). NOAA data from flasks collected at

surface sites and also on the HIPPO aircraft campaign are

presented relative to the NOAA-2003 scale for CH2Br2 and

the NOAA-2004 scale for CHBr3. These scales consist of

2–4 standards prepared with gravimetric techniques at 3–

20 ppt in high-pressure (900 psi initially) 30 L, electropol-

ished stainless steel cannisters.

Figure 5 shows the NOAA/ESRL observed CHBr3 mixing

ratio at these stations (north–south). The observed data points

are monthly mean fields that have been calculated from a

14 yr monthly mean data set (i.e. we have taken the mean of

www.atmos-chem-phys.net/13/11819/2013/ Atmos. Chem. Phys., 13, 11819–11838, 2013
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Fig. 5. Comparison of observed monthly mean CHBr3 mixing ratio (ppt) at 14 NOAA/ESRL ground stations with output from TOMCAT

runs SLiang (Liang-2010 emissions), SWarwick (Warwick-2011 emissions), SOrdonez (Ordóñez-2012 emissions) and SZiska (Ziska-2013 emis-

sions). The vertical bars denote ±1 standard deviation on the observed mean (see text for details).

monthly mean fields). This approach smooths intra-monthly

variability but can give a clear signal of seasonal variations.

The observations spanned the period 1 January 98 to 1 Jan-

uary 2012 at all stations except SPO, THD, and SUM, which

are shorter records. Also shown in Fig. 5 is the correspond-

ing modelled CHBr3 mixing ratio from runs SLiang, SWarwick,

SOrdonez and SZiska. The CTM was run for the same (14 yr)

period following 3 yr of spin-up. Monthly mean data was out-

put allowing a like-for-like comparison between model and

observation.

At NH high-latitude (≥ 60◦) stations (ALT, SUM and

BRW), observed CHBr3 exhibits a pronounced seasonal cy-

cle with elevated mixing ratios during NH winter (DJF). This

seasonality, likely due to the enhanced photochemical sink

of CHBr3 during summer (JJA) months (or potentially trans-

port), has been previously observed (at ALT) by Yokouchi

et al. (1996). The CTM captures this seasonality, particularly

at ALT and SUM, where the bias between model and obser-

vation is highly dependent on the emission inventory used.

The top-down inventories (Liang-2010, Warwick2011 and

Ordóñez-2012) on average underestimate observed CHBr3 at

these high-latitude NH stations (Fig. 5). The calculated mean

bias (model minus observation) for the entire 14 yr monthly-

mean data set is −0.65, −1.61 and −0.88 ppt for these inven-

tories, respectively. The bottom-up estimate of Ziska-2013

overestimates with a positive mean bias of +0.54 ppt. This is

skewed by the significant overestimation of CHBr3 at ALT.

It was previously shown in Fig. 3 that Ziska-2013 exhibits a

significantly larger CHBr3 source at high NH latitudes over

the other inventories considered.

At NH midlatitude (30–60◦ N) stations (MHD, LEF, HFM,

THD and NWR), the agreement between model and obser-

vation varies significantly with emission inventory. At Mace

Head (MHD), the top-down inventories underestimate the

large background CHBr3 (up to ∼ 8 ppt). However, the larger

bottom-up emissions of Ziska-2013 in this region lead to a

reasonable agreement between model and observation. Note,

here the seasonal cycle is out of expected phase, as a CHBr3

minimum is observed during winter months and a maximum

during summer. Carpenter et al. (2005) observed a similar

seasonality and deduced that strong local emissions (during

summer) dominate over enhanced photochemical loss to con-

trol the local CHBr3 abundance at MHD.

For VSLS, transport to the stratosphere is most efficient

in tropical regions where convection can rapidly loft bound-

ary layer air into the mid/upper troposphere (e.g. Aschmann

et al., 2009). At tropical (±30◦) stations KUM and MLO

there is also noticeable seasonality in observed CHBr3. This

is in phase with most other NH stations and indicative of

larger-scale processes (likely the photochemical sink) con-

trolling the seasonality. The bias between the model and ob-

servation is again varied and strongly dependent on emission

Atmos. Chem. Phys., 13, 11819–11838, 2013 www.atmos-chem-phys.net/13/11819/2013/
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Fig. 6. As Fig. 5 but for CH2Br2.

inventory. The Ordóñez-2012 emissions, which are weighted

towards a seasonal climatology of chlorophyll a in the trop-

ics, lead to an overestimate of CHBr3 at each tropical sta-

tion (KUM, MLO and SMO), and for all months. For these

stations the mean bias is 0.12, 0.48, 0.76 and 0.07 ppt for

runs SLiang, SWarwick, SOrdonez and SZiska, respectively. This

indicates that the Liang-2010 (top-down) and the Ziska-2013

(bottom-up) derived CHBr3 emissions perform particularly

well at these locations in the tropical Pacific.

In the SH, long-term observations of VSLS are particu-

larly sparse. In the SH midlatitude (30–60◦ S) band, data

from just one station is available (CGO). Here, CHBr3 is gen-

erally underestimated but reasonable agreement is obtained

with the Liang-2010 and Ordóñez-2012 inventories. This is

also the case at the two high-latitude SH stations (60–90◦ S)

PSA and SPO. Here, a clear seasonal cycle is apparent at

the latter with a CHBr3 maximum occurring during SH win-

ter (JJA), consistent with Swanson et al. (2004) and Beyers-

dorf et al. (2010) who note a similar seasonality. The CTM is

able to reproduce this seasonality well, which is likely driven

by photochemistry, and again the Liang-2010 and Ordóñez-

2012 scenarios provide the best agreement.

For CH2Br2, a similar comparison between the observa-

tions and the model has been performed (Fig. 6). Photolysis

is a minor tropospheric sink for CH2Br2, which has a nomi-

nal surface lifetime of ∼ 120 days (Montzka and Reimann,

2011), and whose dominant sink is by reaction with OH.

As its lifetime is significantly longer than that of CHBr3

(∼ 26 days), horizontal gradients are expected to be less pro-

nounced. The observations show background mixing ratios

in the range of ∼ 0.5–1.5 ppt at all stations (excluding MHD)

with generally low variability. Seasonality is apparent at most

sites in the NH (e.g. ALT, SUM, LEF, NWR, KUM, MLO

etc.), and is likely due to seasonal changes to the CH2Br2 +

OH loss rate. The magnitude of relative variation is smaller

than that for CHBr3 due to the significantly longer lifetime

of CH2Br2.

The global CH2Br2 source strength is relatively similar for

3 out of the 4 inventories considered: 62–67 Gg yr−1, among

Liang-2010, Ordóñez-2012 and Ziska-2013. However, it is

significantly larger (113 Gg yr−1) in the Warwick-2011 in-

ventory. Also, the latitudinal distribution of emissions, in-

cluding in the tropics, varies significantly between invento-

ries (e.g. Fig. 3). At tropical stations KUM, MLO and SMO,

CH2Br2 is overestimated when using Warwick-2011 and

Ziska-2013 emissions. At these stations, improved agree-

ment is obtained using Ordóñez-2012 and good agreement

using Liang-2010. In the SH, between ∼ 40 and 75◦ S, the

Ziska-2013 inventory exhibits a particularly strong CH2Br2

source (see Fig. 3), not featured in the other inventories.

Comparison of modelled CH2Br2 with observations within

this latitude range (i.e. CGO and PSA sites) show a signifi-

cant overestimation of CH2Br2, by an approximate factor of

2, when using the Ziska-2013 inventory.

For a more quantitative evaluation of the modelled CHBr3

and CH2Br2 fields with these long-term surface observations,

www.atmos-chem-phys.net/13/11819/2013/ Atmos. Chem. Phys., 13, 11819–11838, 2013
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Table 3. Summary of calculated error metrics between NOAA/ESRL observed surface CHBr3 with analogous fields from CTM runs SLiang,

SZiska, SWarwick and SOrdonez. Shown is the mean bias (MB) and the mean absolute deviation (MAD) both in units of ppt. Also shown is the

mean absolute percentage error (MAPE, see text). These fields were calculated for the entire 14 yr period of available observation (1 January

1998–1 January 2012) and for the 5 latitudinal bands shown in Fig. 4. The global values shown are a comparison for all 14 stations.

Latitude Run SLiang Run SWarwick Run SOrdonez Run SZiska

MB MAD MAPE MB MAD MAPE MB MAD MAPE MB MAD MAPE

≥ 60◦ N −0.65 0.73 33 % −1.61 1.61 84 % −0.88 0.91 42 % 0.54 1.24 79 %

30–60◦ N −0.25 1.45 84 % −1.64 1.64 67 % −0.35 1.15 59 % −0.57 0.77 42 %

±30◦ 0.12 0.22 38 % 0.48 0.52 77 % 0.76 0.78 115 % 0.07 0.26 36 %

30–60◦ S −0.20 0.45 19 % −1.48 1.48 67 % −0.54 0.63 26 % −1.32 1.32 59 %

≥ 60◦ S −0.24 0.32 28 % −0.75 0.75 61 % −0.32 0.40 33 % −0.93 0.93 77 %

Global −0.25 0.80 50 % −1.04 1.25 72 % −0.24 0.87 61 % −0.30 0.82 55 %

Table 4. As Table 3 but for CH2Br2.

Latitude Run SLiang Run SWarwick Run SOrdonez Run SZiska

MB MAD MAPE MB MAD MAPE MB MAD MAPE MB MAD MAPE

≥ 60◦ N −0.11 0.15 15 % 0.08 0.14 16 % −0.11 0.15 15 % −0.34 0.36 36 %

30–60◦ N −0.03 0.28 27 % 0.18 0.33 37 % −0.00 0.24 24 % 0.02 0.21 22 %

±30◦ 0.14 0.17 24 % 1.25 1.25 167 % 0.35 0.35 49 % 0.63 0.63 85 %

30–60◦ S −0.05 0.10 10 % 0.47 0.49 48 % −0.25 0.25 23 % 0.93 0.94 92 %

≥ 60◦ S −0.11 0.12 13 % 0.43 0.45 55 % −0.19 0.19 21 % 1.14 1.14 137 %

Global −0.02 0.19 20 % 0.44 0.52 64 % 0.00 0.24 27 % 0.30 0.52 60 %

three error metrics were calculated (Tables 3, 4); the mean

bias (MB) (ppt), calculated using Eq.(1), the mean abso-

lute deviation (MAD) (ppt), calculated using Eq.(2), and the

mean absolute percentage error (MAPE), using Eq.(3), for

the 5 latitudinal bands considered. Here, M and O denote the

monthly modelled and observed fields for the entire 14 yr pe-

riod of comparison, respectively. The total number of com-

parison points (n) is 168.

MB =
1

n

n∑

t=1

(Mt − Ot ) (1)

MAD =
1

n

n∑

t=1

| Mt − Ot | (2)

MAPE =
100

n

n∑

t=1

|
Mt − Ot

Ot

| (3)

Based on the reported error metrics it is clear the perfor-

mance of each inventory varies significantly by region. Fo-

cusing on the important tropical latitude band, for CHBr3

the MAPE between model and observation ranges between

36 % and 115 %. The best agreement, diagnosed by the low-

est MAPE (36 %), is obtained from run SZiska (bottom-up

emissions). SLiang also performs well in the tropics with a

similar MAPE of 38 %, which is significantly lower than runs

SWarwick and SOrdonez. Note, small values of observed CHBr3

can cause large skew in the calculated MAPE (see Eq. 3). For

CH2Br2, MAPE ranges from 24 to 166 % in the tropics. The

best agreement is obtained from run SLiang (24 %), using the

Liang-2010 inventory which has the lowest total emissions in

the tropics and also the lowest global total (see Fig. 3 also).

The calculated mean bias presented in Table 4 confirms the

significant overestimation of CH2Br2 by runs SWarwick and

SZiska suggesting a significant overestimate of the tropical

CH2Br2 source in these emissions inventories.

Overall, the global performance (all stations) of each sce-

nario can be assessed based on the error metrics in Table 3.

Globally, the best agreement between model and observation,

for both CHBr3 and CH2Br2, is obtained for run SLiang; the

global MAPE using the Liang-2010 inventory is 50 and 20 %

for these species, respectively. To support this conclusion,

further long-term observations of VSLS would be desirable,

particularly in the tropics and in the poorly sampled South-

ern Hemisphere. While the NOAA/ESRL observations are

a valuable long-term record, the spatial distribution of sam-

pling is limited in these regions. Therefore, we also consider

recent aircraft observations of CHBr3 and CH2Br2 made dur-

ing the HIPPO aircraft campaigns over the Pacific Basin that

spanned global latitudes (Sect. 4). Observations of VSLS

made in the poorly sampled tropical western Pacific during

Atmos. Chem. Phys., 13, 11819–11838, 2013 www.atmos-chem-phys.net/13/11819/2013/
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the SHIVA campaign are also considered in a case study

(Sect. 5).

The error metrics presented in Tables 3 and 4 were com-

puted for all months. To examine any potential systematic

seasonal bias between the model and the observations, prob-

ability density functions (PDF) have been computed by sea-

son and latitude band (see supplementary material). For both

CHBr3 and CH2Br2, no clear systematic seasonal bias is

apparent. The skill of the model in reproducing the obser-

vations is highly dependent on the magnitude/distribution

of emissions, which were previously shown to vary signifi-

cantly. The seasonality of these gases, observed at numerous

ground-based stations, is generally well captured by asea-

sonal emissions (3 of the 4 inventories). This suggests at

these sites the seasonality is largely driven by photochem-

istry; i.e. sinks that are well represented in the model.

4 Evaluation of emission inventories with HIPPO

aircraft data

The HIAPER Pole-to-Pole Observations (HIPPO) project

consisted of a series of aircraft campaigns between 2009 and

2011 supported by the National Science Foundation (NSF).

Five missions were conducted (January 2009, November

2009, March/April 2010, June 2011 and August/September

2011). The aim of HIPPO was to make global measure-

ments of various trace gases, including greenhouse gases

CO2, CH4, N2O and also CO, SF6, CFCs and bromine-

containing VSLS (Wofsy et al., 2011). Sampling spanned

a range of latitudes, from near the North Pole to coastal

Antarctica, on board the NSF Gulfstream V aircraft and

from the surface to ∼ 14 km over the Pacific Basin. As such,

these comprehensive data complement the long-term obser-

vations of VSLS discussed in Sect. 3 and allow for fur-

ther evaluation of the model with varying emission inven-

tories of CHBr3 and CH2Br2. The HIPPO data is particu-

larly valuable for this analysis as it is independent, i.e. has

not been used in constructing the emission inventories con-

sidered. The data is archived at the following web address:

http://www.eol.ucar.edu/projects/hippo/.

Figures 7 and 8 compare mean observed profiles of CHBr3

and CH2Br2, made during HIPPO 1–5, with modelled TOM-

CAT profiles for the 5 latitude bands considered in this work.

The observations here were collected using whole air sam-

ples, in stainless steel and glass flasks, and analysed by

two different laboratories by gas chromatography/mass spec-

trometry (GC-MS); NOAA/ESRL and the University of Mi-

ami. Mixing ratios from HIPPO are reported on the same

calibration scale as the NOAA/ESRL ground-based station

results. The model has here been sampled for each flight

track to match the observations and allowing a point-by-point

comparison throughout the profiles. To assess the skill of the

model against the HIPPO observations, three error metrics

were again computed; the MB (ppt), calculated using Eq.(1),

the MAD (ppt), calculated using Eq.(2), and the MAPE, us-

ing Eq.(3), for the 5 latitudinal bands considered. These are

summarised in Tables 5 and 6 for CHBr3 and CH2Br2, re-

spectively.

In general, the model is able to reproduce the observed

vertical distribution of CHBr3 well in all latitude bands. The

overall skill of the model is highly dependent on the given

emission inventory. At high latitudes in the NH (≥ 60◦ N),

the MAPE between the model and observation ranges from

∼ 31 to 63 % across HIPPO 1–5. As was reported in Sect. 3

using ground-based data, the best agreement, diagnosed by

the lowest MAPE, is obtained from SLiang. We find run

SLiang also gives the best agreement with observed CHBr3

within the 30–60◦ N latitude band, where MAPE ranges be-

tween 28 and 51 %. In the tropics (±30◦), it was previously

shown in Sect. 3 that run SZiska, with bottom-up derived

emissions from sea-to-air fluxes, performed particularly well

against long-term NOAA/ESRL ground-based observations.

Based on the comparison with HIPPO observations here, run

SZiska, which contains the lowest CHBr3 source in the trop-

ics (e.g. Fig. 3), is again found to give the best agreement in

the tropics. Here, the MAPE ranges from ∼ 35 to 102 % with

runs SZiska and SOrdonez accounting for this lower and up-

per limit, respectively. The significant overestimate of CHBr3

from SOrdonez, along with the similar reported overestimate

found from the ground-based analysis, suggests that CHBr3

emissions from the Ordóñez-2012 inventory may be too large

within the ±30◦ latitude band.

In the SH, where the coverage provided from the ground-

based stations is limited, HIPPO made a number of observa-

tions. Within the 30–60◦ S band, the model performs reason-

ably well with the MAPE ranging from ∼ 39 to 69 %. The

lower and upper limit is given by runs SWarwick and SOrdonez,

respectively. At high latitudes in the SH (60–90◦ S), obser-

vations are limited relative to other latitude bands, however

some profiles are available for analysis. Note, the exception

being for HIPPO-4, during which observations ≥ 60◦ S were

particularly sparse. Nevertheless, in this region the model

performs reasonably well with MAPE ranging from ∼ 42 to

62 % with the best agreement from run SLiang.

To determine which CHBr3 emission inventory gives best

agreement globally, i.e. spanning the range of latitudes cov-

ered by HIPPO, we have also calculated a global MAPE (Ta-

ble 5). Globally, the best agreement (lowest MAPE) between

the model and observation is obtained from runs SLiang and

SZiska, where MAPE is ∼ 40 % for both. This supports the

findings in Sect. 3, where it was also shown that the Liang-

2010 and Ziska-2013 emission inventories give the best

agreement with long-term NOAA/ESRL ground-based ob-

servations of CHBr3. Note, while the global MAPE happens

to be similar for these two runs, differences within the 5 lati-

tudes bands are apparent. For example, in the tropics (±30◦),

as noted, the better agreement is obtained from the lower

(Ziska-2013) bottom-up emissions (MAPE ∼ 35 %). In fact,

this is the only inventory that results in a MAPE < 50 % for

www.atmos-chem-phys.net/13/11819/2013/ Atmos. Chem. Phys., 13, 11819–11838, 2013
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Table 5. Summary of calculated error metrics between CHBr3 observed in the free troposphere during the HIPPO project (2009–2011) with

analogous fields from CTM runs SLiang, SWarwick, SOrdonez and SZiska. Shown are the MB and the MAD both in units of ppt. Also shown is

the MAPE (see text). These fields were calculated for all observations made during HIPPO missions 1–5 for the 5 latitudinal bands shown in

Fig. 4. A global value is also quoted for comparisons at all latitudes.

Latitude Run SLiang Run SWarwick Run SOrdonez Run SZiska

MB MAD MAPE MB MAD MAPE MB MAD MAPE MB MAD MAPE

≥ 60◦ N −0.16 0.23 31 % −0.55 0.55 63 % −0.03 0.24 37 % −0.25 0.26 38 %

30–60◦ N 0.04 0.12 28 % −0.27 0.29 42 % 0.22 0.23 51 % −0.25 0.25 42 %

±30◦ 0.30 0.31 63 % 0.32 0.33 68 % 0.51 0.51 102 % −0.19 0.20 35 %

30–60◦ S 0.09 0.13 45 % −0.07 0.13 39 % 0.19 0.21 69 % −0.18 0.19 42 %

≥ 60◦ S −0.12 0.21 42 % −0.37 0.40 60 % 0.06 0.28 62 % −0.40 0.41 54 %

Global 0.04 0.20 42 % −0.17 0.34 54 % 0.21 0.30 65 % −0.24 0.25 41 %
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Table 6. As Table 5 but for CH2Br2.

Latitude Run SLiang Run SWarwick Run SOrdonez Run SZiska

MB MAD MAPE MB MAD MAPE MB MAD MAPE MB MAD MAPE

≥ 60◦ N −0.10 0.17 23 % 0.25 0.29 57 % −0.02 0.16 24 % −0.12 0.28 39 %

30–60◦ N −0.02 0.15 19 % 0.47 0.47 75 % 0.08 0.17 25 % 0.11 0.25 37 %

±30◦ 0.12 0.13 16 % 1.11 1.11 134 % 0.24 0.24 29 % 0.54 0.54 66 %

30–60◦ S −0.01 0.09 13 % 0.67 0.67 101 % 0.01 0.12 18 % 0.55 0.55 77 %

≥ 60◦ S −0.09 0.13 18 % 0.43 0.43 69 % −0.06 0.17 23 % 0.55 0.73 96 %

Global −0.01 0.13 18 % 0.60 0.61 88 % 0.06 0.17 24 % 0.30 0.45 60 %
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Fig. 8. As Fig. 7 but for CH2Br2.

CHBr3 in the tropics, suggesting overestimated emissions in

this region from the top-down inventories.

The model is also able to reproduce the observed distribu-

tion of CH2Br2 well. Again, the overall skill of the model is

highly dependent on the given emission inventory. For each

of the 5 latitude bands considered, the best agreement be-

tween the model and observation is obtained from run SLiang.

The calculated MAPE for this run is < 25 % within each lat-

itude band and globally is ∼ 18 %. This supports the find-

ings of the ground-based analysis presented in Sect. 3, where

the Liang-2010 emission inventory, which has the lowest to-

tal emissions of 62 Gg CH2Br2 yr−1 (Table 1), was shown

to perform particularly well. Note, the Ordóñez-2012 inven-

tory also performs well for CH2Br2 with a global MAPE

of ∼ 24 %. This is a significantly better agreement that than

obtained from the Warwick-2011 (87 %) and Ziska-2013

www.atmos-chem-phys.net/13/11819/2013/ Atmos. Chem. Phys., 13, 11819–11838, 2013
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inventories (63 %) that generally lead to overestimation of

CH2Br2. Overall, for both CHBr3 and CH2Br2 the calculated

biases between the model and the HIPPO aircraft data are

consistent with, and support the findings of, the comparisons

with the NOAA/ESRL ground-based observations.

5 A case study in the tropical western Pacific

The tropical western Pacific is a region of frequent and in-

tense convection resulting in efficient transport of bound-

ary layer air into the tropical tropopause layer (TTL) (e.g.

Fueglistaler et al., 2009; Krug̈er et al., 2009). A number of

model studies have reported the importance of the tropical

western Pacific for the transport of VSLS into the strato-

sphere (e.g. Levine et al., 2007; Aschmann et al., 2009). The

region is poorly sampled and local emissions, including those

from farmed seaweed species (Leedham et al., 2013), are

uncertain. Previous regional observations of VSLS include

those made during the OP3 campaign on Borneo (Pyle et al.,

2011). Background CHBr3 was reported at ∼ 1 ppt inland

(Danum Valley) with a larger background (2–5 ppt) reported

along the coast (Kunak).

Figure 9 shows the modelled 2011 mean surface mixing

ratio of CHBr3 over the tropical western Pacific. Different

emission inventories lead to significant variation between the

modelled CHBr3 abundance. The largest modelled CHBr3

in this region is from SLiang and SOrdonez with ∼ 3.25 and

3.0 ppt around the northern coast of Borneo. These emis-

sion inventories were derived with little or no observations

in the tropical western Pacific (see Liang et al., 2010; and

Ordóñez et al., 2012). Runs SWarwick and SZiska show signif-

icantly lower CHBr3 (∼ 2 ppt) and this is likely due to the

use of regional observations in the formulation of these in-

ventories. Warwick-2011 was derived with regional scaling

to give good agreement with observations made during OP3

on Borneo, while Ziska-2013, the bottom-up estimate, in-

cluded CHBr3 sea–air flux data measured in this region dur-

ing the Trans-Brom cruise (Krüger and Quack, 2013). For

surface CH2Br2 (also Fig. 9), the modelled mixing ratio is

typically between ∼ 1.0 and 1.5 ppt in the region of Bor-

neo for all runs. The exception is run SWarwick, where it is

∼ 1 ppt greater (i.e. ∼ 2.0–2.5 ppt) due to the larger regional

emissions in the Warwick-2011 inventory. The remainder of

Sect. 5 evaluates the CTM and emission inventories in this

region using recent aircraft observations made in the free tro-

posphere during the 2011 SHIVA campaign.

5.1 The 2011 SHIVA campaign

The SHIVA campaign is a European Union (EU) funded

research project (http://shiva.iup.uni-heidelberg.de/). A pri-

mary SHIVA objective is to investigate biogenic emissions

of VSLS, their atmospheric transformation, transport to the

stratosphere and ultimately their impact on O3. A field cam-
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Fig. 9. Modelled mean surface mixing ratio (ppt) of CHBr3 (left

column) and CH2Br2 (right column) over the tropical western

Pacific during 2011 for CTM runs (a) SLiang, (b) SWarwick, (c)

SOrdonez and (d) SZiska.

paign was conducted during November–December 2011 in

the tropical western Pacific region based on Malaysian Bor-

neo. An overview of the campaign is given in Pfeilsticker and

the SHIVA consortium (2013).

5.1.1 Aircraft observations

Aircraft observations of VSLS in the tropical western Pa-

cific region are extremely limited. Within the framework

of SHIVA, aircraft observations of brominated VSLS were

made during 14 flights on board the Deutschen Zentrums

für Luft- und Raumfahrt (DLR) Falcon aircraft around Bor-

neo. The flight tracks and location of sampling is shown

in Fig. 10. Here we consider observations of major VSLS

CHBr3 and CH2Br2 made by the University of Frankfurt

(UOF) and the University of East Anglia (UEA). These data

are used to further evaluate the performance of the model,

and top-down/bottom-up emission inventories, in the free

troposphere within this poorly sampled region.

Observations made by the UOF group used the Gas chro-

matograph for Observation of Stratospheric Tracers-Mass

Spectrometer (GhOST-MS) instrument – a fully automated

GC/MS system for airborne (in situ) observations of halo-

genated hydrocarbons. Observed mixing ratios for CHBr3

and CH2Br2 from the GhOST-MS are reported on the

NOAA-2003 calibration scale (see Sects. 3 and 4). The de-

termined accuracy of the working standard gas is estimated

at 16.5 and 9.0 % for these species, respectively. The preci-

sion of the instrument varies between flights but is typically

< 4 % for both species. For further details of the SHIVA air-

craft observations see Sala et al. (2013).

Observations by UEA used the Falcon’s whole air sam-

pler (WASP) that consisted of 30 glass flasks (approximately

700 mL internal volume) which were filled to a pressure of

2.5 Bar using a diaphragm pump. The samples were analysed

Atmos. Chem. Phys., 13, 11819–11838, 2013 www.atmos-chem-phys.net/13/11819/2013/
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Fig. 10. Flight tracks of the DLR Falcon aircraft during November and December 2011 as part of the 2011 SHIVA campaign.

for halocarbons within 48 h of collection using a GC/MS

(Agilent 6973) operating in negative ion, chemical ionisation

mode (Worton et al., 2008). Because of a limitation of the

sampling pump, WASP samples were only collected at alti-

tudes below ∼ 3 km. WASP data for CHBr3 and CH2Br2 are

also reported on the most recent NOAA scales. Typical ana-

lytical precision (750 mL sample) was < 4 % for both com-

pounds, with a calibration uncertainty of 7.1 and 6.5 % for

CHBr3 and CH2Br2, respectively. The two bromocarbon data

sets will be examined in further detail in Sala et al. (2013).

Figure 11 shows the modelled mixing ratio of CHBr3

sampled along the flight track of the Falcon aircraft dur-

ing SHIVA. Also shown is the observed CHBr3 mixing ra-

tio from the GhOST-MS and WASP instruments. The ob-

servations show that during most flights, CHBr3 rarely ex-

ceed 1.0–1.5 ppt. A notable exception is flight 4, during

which CHBr3 was elevated (> 2 ppt) near the surface. Large

quantities of seaweed were visible from the aircraft during

this flight, suggesting a large and localised emission source.

Note, within the framework of SHIVA, emissions of halo-

carbons from both naturally occurring, and farmed tropical

macroalgae, has been investigated (Leedham et al., 2013).

The agreement between modelled and observed CHBr3 is

highly dependent on the emission inventory. As before, we

have calculated the MB (ppt), the MAD (ppt) and the MAPE

(%) between the model and observation for all flights con-

sidered. For CHBr3, a summary of these metrics is given in

Table 7. In general, the top-down inventories (Liang-2010,

Warwick-2011, and Ordóñez-2012) overestimate the obser-

vations. This is particularly the case for runs SLiang and

SOrdonez where CHBr3 is overestimated, from the surface up

to ∼ 12 km, during numerous flights (e.g. flights 2a, 7, 10b).

The MB between model and observation for these flights is

1.67, 1.32 and 0.96 ppt for SLiang and 1.61, 1.19and 0.99 ppt

for SOrdonez. Whilst also overestimating, an improved agree-

ment is obtained from run SWarwick in this region. For exam-

ple, for the same flights the MB is smaller (i.e. MB < 1 ppt)

at 0.82, 0.78, and 0.47 ppt. Overall, the best agreement is ob-

tained from SZiska (bottom-up emissions), which for some

flights exhibits a small negative bias. For the above flights,

the MB from this run is 0.31, 0.06 and 0.07 ppt, respectively.

Across all the flights considered, the MAPE between the

model and observed CHBr3 is 117, 68, 125 and 37 % for

runs SLiang, SWarwick, SOrdonez and SZiska, respectively – high-

lighting the significant variation in the performance of the

inventories in this region. The bottom-up CHBr3 emissions

proposed by Ziska et al. (2013) perform particularly well as

this is the only inventory that gives rise to a MAPE < 50 %

in this region. This inventory was also shown to perform

well against the NOAA/ESRL ground-based observations

(Sect. 3) and HIPPO aircraft observations (Sect. 4) in the

tropical Pacific Basin. The Ziska-2013 inventory is con-

strained by local sea-to-air fluxes obtained in the tropical

western Pacific during ship cruises; e.g. Trans-Brom (Krüger

and Quack, 2013). This is the likely explanation as to why

the MAPE is significantly lower for this inventory, over

Liang-2010 and Ordóñez-2012, that are based on limited or

no regional (aircraft) observations. The same is true of the

Warwick-2011 inventory, which also performs relatively well

in this region, and is constrained by local (ground-based)

observations. This further highlights the need for more lo-

cal observations of VSLS, particularly in poorly sampled re-

gions, in order to improve VSLS emission inventories at the

regional scale.

Figure 12 shows the modelled versus observed CH2Br2

during SHIVA flights. The observations show CH2Br2 typ-

ically in the range of 0.5–1.5 ppt during most flights and

with a relatively small vertical gradient. The performance of

each emission inventory is assessed using the error metrics

summarised in Table 8. Across all flights, the MAPE is rela-

tively low (compared with that for CHBr3) at 25, 119, 34 and

56 % for runs SLiang, SWarwick, SOrdonez and SZiska, respec-

tively. Consistent with the NOAA/ESRL ground-based anal-

ysis (Sect. 3) and also the HIPPO aircraft analysis (Sect. 4),

the best agreement (diagnosed by lowest MAPE) between

modelled and observed CH2Br2, is obtained by SLiang. For

run SWarwick, which was previously shown to overestimate

surface CH2Br2 at NOAA/ESRL stations in the Pacific Basin

(e.g. Fig. 6), we again find an overestimate against SHIVA

www.atmos-chem-phys.net/13/11819/2013/ Atmos. Chem. Phys., 13, 11819–11838, 2013
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Table 7. Summary of calculated error metrics between CHBr3 observed in the free troposphere during 14 flights of the SHIVA aircraft

campaign (November–December 2011) with analogous fields from CTM runs SLiang, SWarwick, SOrdonez and SZiska. Shown is the MB and

the MAD both in units of ppt. Also shown is the MAPE (see text). These fields were calculated for all observations from both instruments

deployed during SHIVA (i.e. GhOST-MS and WASP, see text). A mean value for all 14 flights is also reported.

Flight Run SLiang Run SWarwick Run SOrdonez Run SZiska

MB MAD MAPE MB MAD MAPE MB MAD MAPE MB MAD MAPE

2a 1.67 1.67 192 % 0.82 0.82 99 % 1.61 1.61 187 % 0.31 0.39 46 %

2b 0.58 0.58 101 % 0.43 0.43 77 % 0.70 0.70 122 % −0.08 0.16 24 %

3 0.49 0.61 40 % −0.20 0.34 22 % 0.55 0.62 44 % 0.34 0.58 35 %

4 0.70 0.70 82 % 0.25 0.31 42 % 0.84 0.85 101 % 0.13 0.27 32 %

5 0.43 0.53 67 % 0.04 0.41 51 % 0.55 0.63 80 % −0.76 0.79 48 %

6a 0.42 0.57 122 % 0.18 0.42 84 % 0.48 0.59 127 % −0.28 0.35 39 %

6b 0.62 0.75 113 % 0.26 0.43 65 % 0.73 0.87 127 % −0.07 0.27 28 %

7 1.32 1.32 308 % 0.78 0.78 186 % 1.19 1.19 277 % 0.06 0.20 39 %

8b 0.81 0.81 120 % 0.33 0.35 62 % 0.86 0.86 128 % −0.08 0.20 28 %

9 0.56 0.59 91 % 0.36 0.43 68 % 0.70 0.71 109 % −0.23 0.28 34 %

10a 1.01 1.01 150 % 0.40 0.41 74 % 1.03 1.03 155 % 0.18 0.29 40 %

10b 0.96 0.96 172 % 0.47 0.49 106 % 0.99 0.99 178 % 0.07 0.25 40 %

11a 0.45 0.57 77 % −0.02 0.43 47 % 0.65 0.71 92 % −0.50 0.54 37 %

11b 0.49 0.59 78 % −0.01 0.38 43 % 0.70 0.74 95 % −0.42 0.46 34 %

All 0.76 0.81 117 % 0.28 0.46 68 % 0.84 0.87 125 % −0.12 0.39 37 %
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Fig. 11. Comparison between modelled and observed CHBr3 mixing ratio (ppt) along the flight tracks of the DLR Falcon aircraft during the

2011 SHIVA campaign. Model output is from CTM runs SLiang , SWarwick, SOrdonez and SZiska and observed data from the GhOST in situ

GC/MS system and the WASP whole air sampler (Sala et al., 2013). The dashed pink line denotes the altitude of the aircraft.
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Table 8. As Table 7 but for CH2Br2.

Flight Run SLiang Run SWarwick Run SOrdonez Run SZiska

MB MAD MAPE MB MAD MAPE MB MAD MAPE MB MAD MAPE

2a 0.38 0.42 45 % 1.23 1.23 134 % 0.45 0.48 52 % 0.64 0.65 70 %

2b 0.16 0.16 20 % 1.14 1.14 133 % 0.27 0.27 32 % 0.49 0.49 58 %

3 0.12 0.13 13 % 1.08 1.08 102 % 0.23 0.23 23 % 0.66 0.66 62 %

4 0.22 0.22 26 % 1.08 1.08 125 % 0.34 0.34 40 % 0.57 0.57 65 %

5 0.04 0.12 12 % 0.90 0.90 89 % 0.15 0.17 18 % 0.22 0.24 25 %

6a 0.13 0.20 25 % 1.00 1.00 124 % 0.21 0.25 31 % 0.37 0.38 49 %

6b 0.17 0.17 21 % 0.97 0.97 115 % 0.27 0.27 32 % 0.41 0.41 49 %

7 0.46 0.46 62 % 1.49 1.49 200 % 0.50 0.50 68 % 0.75 0.75 101 %

8b 0.20 0.20 24 % 1.07 1.07 125 % 0.30 0.30 35 % 0.52 0.52 61 %

9 0.12 0.13 15 % 1.13 1.13 125 % 0.25 0.25 29 % 0.59 0.59 65 %

10a 0.26 0.26 29 % 1.10 1.10 126 % 0.35 0.35 40 % 0.57 0.57 65 %

10b 0.25 0.26 32 % 1.18 1.18 139 % 0.35 0.35 42 % 0.65 0.65 77 %

11a 0.05 0.18 18 % 0.88 0.88 94 % 0.17 0.21 23 % 0.27 0.30 34 %

11b 0.06 0.13 14 % 0.89 0.89 92 % 0.19 0.19 21 % 0.30 0.31 33 %

All 0.18 0.22 25 % 1.07 1.07 119 % 0.28 0.29 34 % 0.49 0.49 56 %
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Fig. 12. As Fig. 11 but for CH2Br2.

observations (approximate factor of 2). Therefore, it seems

highly likely that the CH2Br2 emission strength is signifi-

cantly overestimated in the tropics by the Warwick-2011 in-

ventory.

6 Sensitivity of stratospheric bromine loading to

emission inventory

In our previous modelling work, emissions of major VSLS

CHBr3 and CH2Br2 were not specified in the TOMCAT

CTM (Hossaini et al., 2010, 2012b). Rather, a uniform sur-

face mixing ratio (∼ 1.2 ppt) was imposed in the tropics

(±20◦) based on compiled aircraft observations. Using this
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approach, Hossaini et al. (2012b) quantified stratospheric

BrVSLS
y as ∼ 5 ppt; i.e. within the compiled range of 1–8 ppt

outlined in WMO (2011), and in general agreement with

balloon-borne estimates (Dorf et al., 2006, 2008). The CTM

performed reasonably well against aircraft observations in

the TTL. However, this approach meant regional hot-spots,

where emissions may be large and background concentra-

tions elevated, were not captured. Any dependence of strato-

spheric BrVSLS
y on the spatial distribution of surface emis-

sions was also not modelled. Here, using the CTM runs pre-

sented in this paper (i.e. multiple emission inventories for

CHBr3 and CH2Br2), we revise our estimate of BrVSLS
y based

on these spatially varying, and seasonally varying in the case

of Ordóñez-2012, emission inventories.

It is thought that VSLS contribute to the stratospheric

bromine budget via both source gas injection (SGI) and

also product gas injection (PGI). The SGI pathway is quan-

tified by summing the total organic bromine from VSLS

reaching the lower stratosphere. For PGI, which refers to

the troposphere–stratosphere transport of inorganic product

gases (e.g. BrO, HBr), the tropospheric partitioning of Bry

among soluble and non-soluble species needs consideration.

As this involves complex heterogeneous and multi-phase

processes (e.g. Aschmann and Sinnhuber, 2013), which are

crudely treated in global models, Bry speciation and recy-

cling represents a significant uncertainty in the quantifica-

tion of PGI with models. The approach used here is identical

to that described in Hossaini et al. (2012b). Once Bry is re-

leased from source gases it is partitioned between soluble and

non-soluble form according to a mean altitude-dependent

HBr : Bry ratio. This was taken from a previous CTM in-

tegration in which detailed partitioning of tropospheric Bry

was considered.

Figure 13 shows the modelled tropical mean profile of

BrVSLS
y in the stratosphere at the end of the 14 yr simulation.

We find BrVSLS
y ranges from ∼ 5 to 8 ppt (above ∼ 30 km) de-

pending on the choice of emission inventory. Runs SZiska and

SWarwick account for the lower limit and upper limit, re-

spectively. However, as SWarwick overestimated both CHBr3

and CH2Br2 significantly in the tropics, it seems likely that

the upper limit of ∼ 8 ppt reported here is also an overes-

timate. We have therefore now identified a range of uncer-

tainty with regard to emissions of major VSLS CHBr3 and

CH2Br2 on stratospheric BrVSLS
y loading. Note, here BrVSLS

y

also includes the contribution from minor VSLS CHBr2Cl,

CHBrCl2 and CH2BrCl. Their total contribution to BrVSLS
y is

∼ 1 ppt and is consistent between each model run.

The modelled stratospheric BrVSLS
y ranges from ∼ 5 to

8 ppt when both CHBr3 and CH2Br2 are taken from the same

inventory. However, in the tropics, where the troposphere–

stratosphere transport of VSLS is most rapid, it was shown

using ground-based (Sect. 3) and aircraft (Sect. 4) observa-

tions that a single inventory does not provide the simultane-

ous best agreement for both VSLS in this region. For CHBr3,
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Fig. 13. Modelled 2011 tropical (±30◦) mean profile of total in-

organic bromine (ppt) from CHBr3, CH2Br2, CHBr2Cl, CH2BrCl

and CHBrCl2 (BrVSLS
y ) in the stratosphere. Profiles are shown for

CTM runs SLiang, SWarwick, SOrdonez, and SZiska. An optimised es-

timate, calculated by combining CHBr3 from SZiska and CH2Br2

from SLiang, is also shown.

the best agreement was obtained from run SZiska and simi-

larly, for CH2Br2, run SLiang gave the best agreement. There-

fore, we also report an optimised estimate of stratospheric

BrVSLS
y based on a combination of these two fields; ∼ 4 ppt

(also shown in Fig. 13). From the 4 inventories considered,

the CHBr3 and CH2Br2 source strengths are the lowest in

Ziska-2013 and Liang-2010, respectively. Therefore, the op-

timised estimate reported here is lower than the range ob-

tained when considering emissions of both species from the

same inventory.

Our optimised BrVSLS
y estimate of ∼ 4 ppt is lower than

that reported in our previous work (∼ 5 ppt) (Hossaini et al.,

2012b), which did not use spatially varying emission fluxes.

The use of a fixed mixing ratio as a surface boundary con-

dition for CHBr3 and CH2Br2 in Hossaini et al. (2012b)

may have overestimated their abundance in the boundary

layer. However, our modelled optimised estimate is in good

agreement with BrVSLS
y derived from observations of strato-

spheric BrO (the so-called inorganic method). For example,

using differential optical absorption spectroscopy (DOAS)

to obtain BrO profiles, combined with photochemical mod-

elling, Dorf et al. (2006) reported a BrVSLS
y contribution

of 4.1(±2.5) ppt. However, given the recent findings of Kr-

eycy et al. (2013) on the ratio of J (BrONO2) / k(BrO+NO2),

this estimate may need to be revised downward. Overall,

our model calculations are consistent with the broad BrVSLS
y

range of 1–8 ppt reported by WMO (2011).
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7 Summary and conclusions

Global models require a realistic treatment of biogenic

bromine emissions in order to simulate a reasonable Bry

budget in both the troposphere and the stratosphere. At

present, oceanic emissions of brominated VSLS are poorly

constrained and represent a significant uncertainty in global

models (WMO, 2007, 2011). Given suggestions that strato-

spheric VSLS loading may increase in response to climate

change (Dessens et al., 2009; Hossaini et al., 2012a), con-

straining both the magnitude and spatial distribution of con-

temporary emissions is important. In this study we have used

a global model to perform the first concerted evaluation of

previously published global CHBr3 and CH2Br2 emission in-

ventories. We have evaluated three top-down and a bottom-

up derived inventory by comparing the simulated abundance

of these VSLS with independent observations – i.e. the ob-

served data was not included in the formulation of the emis-

sion inventories. The observed data have included long-term

observations at various NOAA/ESRL ground-based stations,

aircraft observations made during the NSF HIPPO cam-

paigns (1–5) and also novel aircraft observations made dur-

ing the 2011 SHIVA campaign over the poorly sampled tropi-

cal western Pacific. We have also updated our previous model

estimate of BrVSLS
y based on these available emission scenar-

ios.

Our comparisons reveal the TOMCAT CTM is able to re-

produce a variety of global CHBr3 and CH2Br2 observations.

The agreement between the model and the observation is

highly dependent on the choice of emission inventory, which

differ significantly in terms of magnitude and spatial distribu-

tion. All the inventories considered give good agreement in

some locations. However, to accurately diagnose the source

gas injection of VSLS into the stratosphere, simulating their

abundance in the tropics, where transport to the stratosphere

is rapid, is most important. Comparison of the model with

observations at NOAA/ESRL surface sites and also with air-

craft observations obtained during HIPPO, shows a consis-

tent pattern on the performance of individual emission in-

ventories. Based on these comparisons, along with the results

from the SHIVA case study, our main findings are the follow-

ing.

– Current global emission inventories of CHBr3 and

CH2Br2, which are used in global models, vary sig-

nificantly. Evaluating these inventories is challenging

due to the limited spatial coverage of long-term obser-

vations, particularly in the tropics and in the Southern

Hemisphere. Averaged globally, the best agreement

between modelled CHBr3 and CH2Br2 with long-

term surface observations made by NOAA/ESRL is

obtained using the top-down emissions proposed by

Liang et al. (2010). Globally, the mean absolute per-

centage error between the model and NOAA/ESRL

observations for this inventory is ∼ 50 and ∼ 20 % for

CHBr3 and CH2Br2 over a 14 yr period, respectively.

Comparison of the model with aircraft observations

made during the HIPPO project, which spanned global

latitudes over the Pacific Basin, also support these find-

ings. Globally, the mean absolute percentage error be-

tween the model and HIPPO observations is similar

at 42 and 18 %, for CHBr3 and CH2Br2 respectively,

when using the Liang et al. (2010) emissions. Glob-

ally, we also find the CH2Br2 emissions of Ordóñez

et al. (2012) perform particularly well with a mean ab-

solute percentage error of less than ∼ 30 % between

model and observations.

– For CHBr3, within the tropics only, the best agreement

between the model and observations is obtained us-

ing the bottom-up emission fluxes proposed by Ziska

et al. (2013). Using this inventory, the mean abso-

lute percentage error between the model and long-term

NOAA/ESRL surface observations is ∼ 36 %. Against

the HIPPO observations it is ∼ 35 %, with the other in-

ventories considered giving a significantly larger bias

(> 60 %). For CH2Br2, in the tropics the model is able

to reproduce observations well using the Liang et al.

(2010) emissions. The mean absolute percentage error

is 24 and 16 % when the model is compared with the

NOAA/ESRL and HIPPO observations, respectively.

Therefore, our results show the bias between model

and observations is lowest when using the inventories

that have the lowest tropical (and also total global)

CHBr3 and CH2Br2 emission strength (i.e. Ziska and

Liang, respectively).

– In the tropical western Pacific, where rapid

troposphere–stratosphere transport coincides with

relatively large VSLS emissions, the model is able

to reproduce novel aircraft observations of CHBr3

and CH2Br2 made during the 2011 SHIVA campaign.

The skill of the model is highly dependant on the

choice of emission inventory. Good agreement is

obtained for CHBr3 using the bottom-up emissions

of Ziska et al. (2013). These emissions, along with

the Warwick-2011 inventory, were formulated using

local observations around Borneo and as such perform

significantly better than inventories based on limited

aircraft observations alone. Therefore, this further

highlights the need for more observations of VSLS,

particularly at a finer spatial resolution, in order to

improve current regional emission estimates. For

CH2Br2, which is a longer-lived source gas, the Liang

et al. (2010) emissions were again found to give the

best agreement with the observations.

– The modelled contribution of VSLS to stratospheric

inorganic bromine varies significantly depending on

the CHBr3 and CH2Br2 inventory used. We find

BrVSLS
y ranges from ∼ 5.0 to 8.0 ppt when using
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CHBr3 and CH2Br2 from the same inventory. How-

ever, we find no single inventory provides the simulta-

neous best agreement with observations in the tropics.

Therefore, we also report an optimised estimate, calcu-

lated by combining the inventories which perform the

best in this region. A combination of CHBr3 emissions

from Ziska et al. (2013) and CH2Br2 emissions from

Liang et al. (2010) lead to our (lower) optimised esti-

mate of ∼ 4 ppt. These inventories were found to con-

sistently perform the best in the tropics using three in-

dependent sets of observations (i.e. NOAA/ESRL sur-

face, HIPPO aircraft and SHIVA aircraft data). Both

the modelled range and optimised estimate are within

the compiled 1–8 ppt range reported by WMO (2011).

Therefore, in this study we have now identified the

range of uncertainty associated with emissions of ma-

jor VSLS CHBr3 and CH2Br2 on stratospheric BrVSLS
y

loading. Although, model estimates of the product gas

injection contribution to BrVSLS
y remain a significant

uncertainty (e.g, Salawitch et al., 2010; Aschmann and

Sinnhuber, 2013).

Our study has shown that in recent years understanding

of oceanic VSLS emissions has improved significantly and

that current inventories used in global models are reason-

able. Based on the results of this work, it would be useful to

revise current inventories and/or combine them to improve

the treatment of CHBr3 and CH2Br2 emissions in global

models. Furthermore, it would be useful for the analysis

performed in this study to be repeated by other modelling

groups, in order to determine the extent to which our re-

sults are model dependent. For example, to assess the role

of differences in model transport, such as mixing in the

boundary layer and convection, which are parameterised and

likely to vary between models. A related exercise examining

inter-model variability on the tropospheric distribution and

the troposphere–stratosphere transport of VSLS is planned,

within the framework of the ongoing Atmospheric Tracer

Transport Model Inter comparison (TransCom) project (e.g.

Patra et al., 2011). This project, TransCom-VSLS, will ex-

amine the performance of a number of global models against

existing VSLS observations and also assess the variability

between data sets, including the impact of temporal sampling

and systematic biases on the agreement between models and

observations. Finally, future work will examine emissions of

relatively minor VSLS (e.g. CHBr2Cl, CH2BrCl) along with

a more detailed examination of emission seasonality.
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Abstract. We investigate the contribution of oceanic methyl

iodide (CH3I) to the stratospheric iodine budget. Based on

CH3I measurements from three tropical ship campaigns and

the Lagrangian transport model FLEXPART, we provide a

detailed analysis of CH3I transport from the ocean surface to

the cold point in the upper tropical tropopause layer (TTL).

While average oceanic emissions differ by less than 50 %

from campaign to campaign, the measurements show much

stronger variations within each campaign. A positive correla-

tion between the oceanic CH3I emissions and the efficiency

of CH3I troposphere–stratosphere transport has been identi-

fied for some cruise sections. The mechanism of strong hor-

izontal surface winds triggering large emissions on the one

hand and being associated with tropical convective systems,

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

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

neous occurrence of large CH3I emissions and strong verti-

cal uplift, localized maximum mixing ratios of 0.6 ppt CH3I

at the cold point have been determined for observed peak

emissions during the SHIVA (Stratospheric Ozone: Halo-

gen Impacts in a Varying Atmosphere)-Sonne research vessel

campaign in the coastal western Pacific. The other two cam-

paigns give considerably smaller maxima of 0.1 ppt CH3I in

the open western Pacific and 0.03 ppt in the coastal eastern

Atlantic. In order to assess the representativeness of the large

local mixing ratios, we use climatological emission scenarios

to derive global upper air estimates of CH3I abundances. The

model results are compared with available upper air measure-

ments, including data from the recent ATTREX and HIPPO2

aircraft campaigns. In the eastern Pacific region, the loca-

tion of the available measurement campaigns in the upper

TTL, the comparisons give a good agreement, indicating that

around 0.01 to 0.02 ppt of CH3I enter the stratosphere. How-

ever, other tropical regions that are subject to stronger con-

vective activity show larger CH3I entrainment, e.g., 0.08 ppt

in the western Pacific. Overall our model results give a trop-

ical contribution of 0.04 ppt CH3I to the stratospheric iodine

budget. The strong variations in the geographical distribution

of CH3I entrainment suggest that currently available upper

air measurements are not representative of global estimates

and further campaigns will be necessary in order to better

understand the CH3I contribution to stratospheric iodine.

1 Introduction

It is currently believed that organic iodine compounds are

not important for stratospheric ozone chemistry as a result

of their very short lifetimes that allow only small fractions of

the emitted iodine to reach the stratosphere (Aschmann et al.,

2009; Montzka and Reimann, 2011). Emissions of iodinated

compounds from the ocean into the atmosphere and subse-

quent strongly localized vertical transport in convective sys-

tems determines if and how much of the short-lived iodinated

gases reach the upper tropical tropopause layer (TTL) and

lower stratosphere. Both processes are highly variable in time

and space and reliable global estimates should, if possible, be

derived from frequent upper air observations and from model

Published by Copernicus Publications on behalf of the European Geosciences Union.
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studies based on high resolution emission maps. In addition

to the unknown variability of CH3I in the TTL, uncertainties

in the knowledge of the atmospheric lifetime of inorganic io-

dine (e.g., Dix et al., 2013) pose a major challenge for the

quantification of the stratospheric iodine budget. If iodinated

species reach the upper troposphere and lower stratosphere

(UTLS), they might enhance ozone destruction due to the

possible role of active iodine in rapid interhalogen reactions

(Solomon et al., 1994).

Methyl iodide (CH3I) is an important carrier of iodine

from the surface to the free troposphere, where it plays an

important role for ozone chemistry and oxidizing capacities

(Chameides and Davis, 1980; Davis et al., 1996; McFiggans

et al., 2000; O’Dowd et al., 2002; Saiz-Lopez et al., 2012;

Vogt et al., 1999). CH3I is emitted mainly from the ocean

where biological sources in form of algae and phytoplankton

(e.g., Hughes et al., 2011; Manley and Dastoor, 1987, 1988;

Manley and de la Cuesta, 1997; Smythe-Wright et al., 2006)

and non-biological sources in form of photochemical produc-

tion (e.g., Butler et al., 2007; Chuck et al., 2005; Happell

and Wallace, 1996; Moore and Zafiriou, 1994; Richter and

Wallace, 2004; Yokouchi et al., 2008) have been identified.

Note that current studies suggest that organic sources of io-

dine cannot explain iodine oxide concentrations in the lower

troposphere over the tropical oceans (Jones et al., 2010; Ma-

hajan et al., 2010) and that emissions of inorganic iodine fol-

lowing heterogeneous reactions at the ocean surface can ac-

count for a primary source of oceanic iodine emissions (Car-

penter et al., 2013).

Global emission estimates are based on oceanic and at-

mospheric CH3I concentrations obtained during ship cruises

(bottom-up) and on model studies which are adjusted to CH3I

upper-air observations (top-down) (Montzka and Reimann,

2011). Oceanic and atmospheric surface CH3I is character-

ized by a large spatial (e.g., Ziska et al., 2013) and tem-

poral (e.g., Fuhlbrügge et al., 2013) variability. Addition-

ally, differences between calibration scales, applied during

past campaigns, might exist (Butler et al., 2007). Estimat-

ing local fluxes from observations and extrapolating them to

a larger scale in order to derive global estimates may thus

result in large uncertainties. Atmospheric modeling studies,

on the other hand, prescribe global emissions with the emis-

sion strength chosen so as to reproduce atmospheric air-

craft observations and might miss the importance of local-

ized sources. As a result, emissions are poorly constrained

and available global oceanic flux estimates based on the dif-

ferent approaches (top-down, bottom-up and laboratory ex-

periments) range widely from 180 to 1163 Gg I yr−1. An

overview of available global oceanic emission estimates in

the literature is given in Table 1 in Gg I yr−1 and, for a better

comparability with the ship campaign emissions presented

in Sect. 3, in pmol CH3I m−2 h−1. Additionally, terrestrial

sources such as rice paddies, wetlands, and biomass burning,

which are not well quantified yet, are assumed to contribute

80–110 Gg I yr−1 (Bell et al., 2002; Redeker et al., 2000; Sive

et al., 2007).

Atmospheric mixing ratios of CH3I in the marine bound-

ary layer have been reported by a large number of measure-

ment campaigns, and background values range between 0.4

and 1.6 ppt (Saiz-Lopez et al., 2012 and references therein).

With increasing altitude the CH3I abundance decreases and

measurements from two aircraft campaigns reveal very little

CH3I in the TTL, with mean values of 0.01 ppt above 14 km

(Montzka and Reimann, 2011). The two campaigns were

conducted with the NASA WB57 high-altitude aircraft over

Central America and the Gulf of Mexico, but due to the hori-

zontal limitations of the campaign area, the results might not

be representative of global CH3I estimates in the TTL. The

observational data obtained during the aircraft campaigns,

combined with the outcome of model studies (Aschmann et

al., 2009; Donner et al., 2007; Gettelman et al., 2009), lead to

the conclusion that no more than 0.05 ppt of iodine enters the

stratosphere in the form of the source gas CH3I (Montzka and

Reimann, 2011). If CH3I is photolyzed before reaching the

stratosphere, the generated inorganic iodine can be removed

from the atmosphere by washout. It has been suggested re-

cently that heterogeneous recycling of inorganic iodine on

aerosol surfaces can occur (Dix et al., 2013), which could

enable a longer atmospheric lifetime and possibly the direct

entrainment of inorganic iodine into the stratosphere.

Once in the lower stratosphere, CH3I will contribute to

the inorganic iodine (Iy) budget, which is of interest due to

the suggested efficiency of active iodine in destroying ozone

(Davis et al., 1996; Solomon et al., 1994; WMO, 2007).

Stratospheric iodine exists mostly in the form of free radicals

(iodine atoms and iodine monoxide), so that the partitioning

of free radicals to total halogen content is much higher for

iodine than for chlorine or bromine (Brasseur and Solomon,

2005). Investigations of inorganic iodine species, in the form

of iodine monoxide (IO) or iodine dioxide (OIO), in the

lower stratosphere give an upper limit of IO of 0.3 ppt based

on ground-based measurements (Wennberg et al., 1997) and

0.2 ppt based on solar-occultation balloon-borne measure-

ments (Pundt et al., 1998). Other balloon campaigns in the

upper TTL, however, detected no IO or OIO in the upper TTL

above the detection limit at 0.1 ppt (Bösch et al., 2003; Butz

et al., 2009). As a result, the total amount of stratospheric

Iy is currently estimated to be below 0.15 ppt (Montzka and

Reimann, 2011), arising from the detection limit of inorganic

iodine (0.1 ppt) given by the latter studies and the iodine sup-

ply in form of CH3I (0.05 ppt).

Due to its short lifetime of around 7 days (given in

Montzka and Reimann, 2011), one expects CH3I in the tro-

posphere and TTL to exhibit significantly large variability.

The amount of CH3I transported from the ocean into the

stratosphere is determined by oceanic emissions and the ef-

ficiency of atmospheric transport. In order to quantify the

contribution of CH3I to the stratospheric Iy budget, observa-

tions of CH3I and IO with a good global coverage would be

Atmos. Chem. Phys., 13, 11869–11886, 2013 www.atmos-chem-phys.net/13/11869/2013/
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Table 1. Global CH3I emission estimates in the literature given in Gg I yr−1 and additionally in pmol CH3I m−2 h−1.

CH3I emission CH3I emission Reference Approach

(Gg I yr−1) (pmol CH3I m−2 h−1)

241 593 Liss and Slater (1974) Bottom up

1163 2862 Rasmussen et al. (1982) Bottom up

270–450 665–1107 Singh et al. (1983) Bottom up

134 330 Campos et al. (1996) Bottom-up

254 625 Moore and Groszko (1999) Bottom up

272 670 Bell et al. (2002) Bottom-up

180 443 Chuck et al. (2005) Bottom up

531 1307 Smythe-Wright et al. (2006) Lab-experiment

550 1354 Butler et al. (2007) Bottom-up

272 748 Ordóñez et al. (2012) Top-down

184 453 Ziska et al. (2013) Bottom-up

necessary. While in the UTLS such observational evidence of

global iodine abundances does not exist so far, recent mea-

surements in the free troposphere over the Canary Islands

(Puentedura et al., 2012) and the Pacific Ocean (Dix et al.,

2013) report significant amounts of IO of up to 0.4 ppt and

suggest that IO occurs in the lower troposphere on a global

scale. At the surface, a variety of CH3I data originating from

ship campaigns and the resulting first global emission clima-

tology (Ziska et al., 2013) are available. Here, we use in situ

CH3I measurements from three tropical ship campaigns, one

in the eastern Atlantic and two in the western Pacific, and a

Lagrangian transport model to analyze the characteristics and

the variability of CH3I transport from the ocean surface into

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

CH3I abundances based on the global emission climatology

and compare them to available upper air measurements that

include new data from various aircraft campaigns. The ship

and aircraft campaigns as well as the atmospheric transport

model are introduced in Sect. 2. Estimates of atmospheric

CH3I abundances based on the individual ship campaigns

are given in Sect. 3, while the model results based on global

emissions, including their comparison to aircraft campaign

data, are discussed in Sect. 4. We present the contribution of

oceanic CH3I to stratospheric iodine in the form of the model

estimated CH3I mixing ratios at the cold point. The summary

and discussion of the key results can be found in Sect. 5.

2 Data and model

2.1 Ship campaigns

Oceanic CH3I emissions from three tropical ship campaigns

(Table 2), calculated from measurements of CH3I mixing

ratios in the surface water and atmosphere, are used in

this study. The two ship campaigns TransBrom-Sonne and

SHIVA-Sonne took place in the open and coastal western

Pacific while the DRIVE campaign was located in the north-
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Fig. 1. Map of ship campaigns used in this study.

eastern Atlantic (Fig. 1). During each cruise, surface air sam-

ples were collected every 1 to 3 h in pressurized stainless

steel canisters and analyzed subsequently for CH3I at the

Rosenstiel School of Marine and Atmospheric Sciences (RS-

MAS) at the University of Miami by the group lead by Elliot

Atlas. Surface water samples were collected simultaneously

by a submersible pump at 5 m depth and analyzed on board

using a purge-and-trap gas chromatography/mass spectrom-

etry (GC/MS) analytical system (Quack et al., 2004). Both

data sets were calibrated with a NOAA standard (Butler et

al., 2007). The instantaneous CH3I sea-to-air fluxes were cal-

culated from the measured sea surface concentration and lo-

cal atmospheric mixing ratios applying Henry’s law constant

from Moore et al. (1995) and the instantaneous 10 min av-

erage wind speed. Henry’s law constant was calculated as a

function of the 10 min average water temperature. The flux

calculations are based on the transfer coefficient parameter-

ization of Nightingale et al. (2000) adapted to CH3I. For

the parameterization, the transfer velocity at Schmidt number

660, which corresponds to CO2 at 20 ◦C in seawater (Wan-

ninkhof, 1992), was corrected by the CH3I Schmidt number

at the temperature of measurement. The ratio of the diffusion

coefficients from CH3Br (De Bruyn and Saltzman, 1997) and

www.atmos-chem-phys.net/13/11869/2013/ Atmos. Chem. Phys., 13, 11869–11886, 2013
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Table 2. Recent ship campaigns providing oceanic and atmospheric CH3I measurements.

Campaign

(R/V)

Full name Route Time

period

References

TransBrom-

Sonne

(Sonne)

Very short lived bromine com-

pounds in the ocean and their

transport pathways into the

stratosphere – Sonne

Western Pacific:

Tomakomai, Japan –

Townsville, Australia

2009

October

Krüger and

Quack (2013)

DRIVE

(Poseidon)

Diurnal and Regional

Variability of Halogen

Emissions

Atlantic:

Las Palmas, Spain –

Vigo, Spain

2010

May/June

Bange et al.

(2011)

SHIVA-Sonne

(Sonne)

Stratospheric Ozone: Halogen

Impacts in a Varying

Atmosphere – Sonne

Western Pacific:

Singapore –

Manila, Philippines

2011

November

Quack and

Krüger (2013)

CH3I, estimated according to Wilke and Chang (1955), was

used as a function of temperature for the Schmidt-number

correction (e.g., Richter and Wallace, 2004).

2.2 Aircraft campaigns

CH3I measurements in the upper troposphere and TTL are

currently available from seven aircraft campaigns. Three

campaigns provide data from the surface up to the upper

troposphere/lower TTL: the TC4-DC8 over Central Amer-

ica and the HIPPO and SHIVA campaigns which took place

in the Pacific and western Pacific area, respectively. Note

that SHIVA is a combined aircraft-, ship- and ground-based

campaign with measurements both from the ship and from

the aircraft used in this study. From the HIPPO mission,

we use here the measurements obtained during the HIPPO2

campaign in 2009. CH3I measurements in the upper TTL

are available from Pre-AVE and TC4 campaigns. These two

campaigns have been used to derive recent estimates of the

upper air CH3I abundance (Montzka and Reimann, 2011). In

addition to the data used for the current upper TTL CH3I es-

timate, observations from the ACCENT campaign in 1999

and from the ATTREX campaign in 2011 are included in

our study. All four campaigns, which provide CH3I measure-

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

and Central America. Detailed information about the aircraft

missions, including location and time period, are presented

in Table 3.

2.3 Global emission climatology

The global emission scenario from Ziska et al. (2013) is a

bottom-up estimate of the oceanic CH3I fluxes. Atmospheric

and oceanic surface in situ measurements from the HalOcAt

(Halocarbons in the ocean and atmosphere) database project

(https://halocat.geomar.de) were used to generate global sur-

face concentration maps. In a first step the surface measure-

ments were classified based on physical and biogeochemi-

cal characteristics of the ocean and atmosphere important for

the CH3I distribution and sources. Within each classified re-

gion, the global 1◦
× 1◦ grid was filled through the extrap-

olation of the in situ measurements based on the ordinary

least square (OLS) regression technique. The estimated sur-

face concentration maps do not provide any information on

temporal variability, but represent climatological fields of a

20 yr time period. Based on the global concentration maps,

the oceanic emissions were calculated with the transfer coef-

ficient parameterization of Nightingale et al. (2000), adapted

to CH3I. The emission parameterization is based on 6 hourly

meteorological ERA-Interim data (Dee et al., 2011), taking

into account emission peaks related to maxima in the hor-

izontal wind fields. The final emission climatology product

is calculated as the 20 yr-average emission field. Emission

peaks related to 6 hourly wind maxima are not present any

more in the final 20 yr mean climatology; however, their ex-

istence in the temporally resolved emission fields counteracts

a possible underestimation introduced by smoothing effects

of the climatological approach.

2.4 Modeling atmospheric transport

The atmospheric transport of CH3I from the oceanic surface

into the upper troposphere and TTL is simulated with the La-

grangian particle dispersion model, FLEXPART (Stohl et al.,

2005). This model has been validated based on comparisons

with measurement data from three large-scale tracer experi-

ments (Stohl et al., 1998) and on intercontinental air pollu-

tion transport studies (e.g., Forster et al., 2001; Spichtinger et

al., 2001; Stohl and Trickl, 1999). FLEXPART is driven by

meteorological fields from the ECMWF (European Centre

for Medium-Range Weather Forecasts) numerical weather

prediction model and includes parameterizations for moist

convection (Forster et al., 2007), turbulence in the boundary

layer and free troposphere (Stohl and Thomson, 1999), dry

Atmos. Chem. Phys., 13, 11869–11886, 2013 www.atmos-chem-phys.net/13/11869/2013/
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Table 3. Aircraft campaigns with CH3I measurements used in the study.

Campaign

(Aircraft)

Full name Max.

altitude

Location Time period References

ACCENT

(WB57)

Atmospheric Chemistry of

Combustion Emissions Near

the Tropopause

19 km Southern US

Central America

1999

April, September

http://espoarchive.nasa.

gov/archive/browse/

accent

Pre-AVE

(WB57)

Pre-Aura Validation

Experiment

19 km Southern US

Central America

2004

January–February

http://espoarchive.nasa.

gov/archive/browse/

pre_ave

TC4

(DC 8)

Tropical Composition, Cloud

and Climate Coupling

12 km Southern US

Central America

2007

July–August

Toon et al. (2010)

TC4

(WB57)

Tropical Composition, Cloud

and Climate Coupling

19 km Southern US

Central America

2007

August

Toon et al. (2010)

HIPPO2

(HIAPER)

HIAPER Pole-to-Pole

Observations 2

14 km Pacific 2009

November

Wofsy et al. (2011)

ATTREX

(Global

Hawk)

Airborne Tropical Tropopause

Experiment

19 km Eastern Pacific 2011

October–November

http://espo.nasa.gov/

missions/attrex

SHIVA

(Falcon)

Stratospheric ozone: Halogen

Impacts in a Varying

Atmosphere

14 km Western Pacific

(Maritime

Continent)

2011

November

http://shiva.iup.

uni-heidelberg.de/

index.html

deposition and in-cloud as well as below-cloud scavenging,

and the simulation of chemical decay.

We perform two different kinds of studies based on the

different model setups, one using in situ emissions observed

during individual ship campaigns and one using a global

emission climatology. For the in situ experiments, the trans-

port of CH3I is simulated with a multitude of trajectories

launched for each emission data point, as described in de-

tail by Tegtmeier et al. (2012). The trajectories are assigned

the amounts of CH3I emitted from a 0.0002◦
× 0.0002◦ grid

box (∼ 500 m2) at the measurement location over one hour,

as calculated from the observation-derived flux. Atmospheric

mixing ratio profiles resulting from in situ emissions have

been determined following the method described in Tegt-

meier et al. (2012). The calculation of global CH3I estimates

is based on the emission climatology from Ziska et al. (2013).

The oceanic sea-to-air flux is given globally on a 1◦
× 1◦

grid. From each grid box 10 trajectories are released per day,

carrying the according amount of CH3I as prescribed by the

emission scenario. While the simulations based on the in situ

ship campaign data are carried out for the time period of the

respective ship campaigns (see Table 2), the global simula-

tions are run for the year 2009. Additionally, the global sim-

ulations are carried out for the time periods of the aircraft

campaigns (see Table 3) in order to allow for a direct com-

parison between aircraft measurements and model results.

The FLEXPART runs are driven by the ECMWF reanalysis

product ERA-Interim (Dee et al., 2011), given at a horizontal

resolution of 1◦
× 1◦ on 60 model levels. Transport, disper-

sion and convection of the air parcels are calculated from

the 6-hourly fields of horizontal and vertical wind, temper-

ature, specific humidity, convective, and large scale precip-

itation and others. The vertical wind is calculated in hybrid

coordinates mass consistently from spectral data by the pre-

processor, which retrieves the meteorological fields from the

ECMWF archives.

The atmospheric lifetime of CH3I was assumed to be con-

stant in the troposphere and set to 7 days according to current

estimates (Montzka and Reimann, 2011). Trajectories were

terminated after 20 days. For a sensitivity study, an altitude-

dependent lifetime of CH3I, derived by the TOMCAT chem-

ical transport model (CTM) (Chipperfield, 2006), was also

used. The CTM calculated tropospheric loss of CH3I through

photolysis, the major tropospheric sink, using the recom-

mended absorption cross section data of Sander et al. (2011).

The modeled CH3I lifetime diagnosed by the CTM is rel-

atively short (∼ 2–3 days) in the tropical troposphere and

thus this experiment is useful for examining the sensitivity

of CH3I loading in the upper troposphere to a range of life-

times. Previously, CH3I profiles from TOMCAT have been

shown to agree well with aircraft observations in the tropical

troposphere (Hossaini et al., 2012). The mass of the CH3I

carried by each air parcel is reduced at a rate corresponding

to its chemical lifetime.

www.atmos-chem-phys.net/13/11869/2013/ Atmos. Chem. Phys., 13, 11869–11886, 2013
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Fig. 2. Campaign-averaged CH3I emissions and wind speed are shown for three tropical campaigns (a). CH3I emissions (black line), as well

as the wind speed (colored line) are displayed as a function of time along the cruise track for TransBrom (b), DRIVE (c), and SHIVA (d).

3 Atmospheric CH3I transport based on individual ship

campaigns

3.1 Comparison of three tropical campaigns

CH3I emissions observed during the tropical ship cruises

vary substantially from campaign to campaign. Figure 2a

shows the campaign-averaged emissions for all three cruises,

with stronger emissions for the coastal western Pacific cam-

paign SHIVA-Sonne (referred to as SHIVA hereinafter) com-

pared to the northeastern Atlantic campaign DRIVE and the

open western Pacific campaign TransBrom-Sonne (referred

to as TransBrom hereinafter). In contrast to global estimates

(Table 1), the emissions observed during the three campaigns

are small with mean values of 310 (DRIVE), 320 (Trans-

Brom) and 430 (SHIVA) pmol m−2 h−1 just below the mini-

mum global estimate (443 pmol m−2 h−1, Chuck et al., 2005)

and three times smaller than the maximum global estimate

(1354 pmol m−2 h−1, Butler et al., 2007).

Black lines in Fig. 2b–d give the emission strength along

the cruise tracks and demonstrate the large variability of sea-

to-air fluxes during the campaigns, with the measurement lo-

cations often about less than 100 km apart. CH3I is generally

oversaturated in oceanic surface waters. As a result, emis-

sion flux is primarily controlled by concentrations in water

(rather than air) and the water–air exchange rate, which is

in turn driven by the wind speed (Ziska et al., 2013). In ad-

dition to the emission time series, the wind speed along the

cruise track (colored dashed lines) for the individual cam-

paigns is presented in Fig. 2b–d. Particularly high emissions

occur for the TransBrom cruise during times of high wind

speeds, e.g., emissions of up to 1364 and 600 pmol m−2 h−1

were observed during the tropical storms Nepartak and Lupit

on 12 October and 14 October 2009, respectively (Quack et

al., 2013).

Among the different existing parameterizations, the here

applied sea-to-air flux parameterization of Nightingale et

al. (2000) predicts transfer velocities in the middle range

(e.g., Carpenter et al., 2012) for wind speeds below 20 m s−1.

All parameterizations gain uncertainty for wind speeds above

20 m s−1 and a possible overestimation of sea-to-air fluxes at

these very high wind speeds has been suggested (McNeil and

D’Asaro, 2007). While this needs to be kept in mind when

fluxes at higher wind speeds are considered, for the here dis-

cussed cruises wind speeds are always below 20 m s−1 and

the Nightingale parameterization has been applied through-

out. CH3I emissions during the DRIVE campaign are also

determined by the large supersaturation in combination with

varying wind speeds, with the largest emissions of up to

1146 pmol m−2 h−1 observed on 7 June 2010. For SHIVA,

relatively high oceanic concentrations and warm water tem-

peratures lead to very high supersaturations of methyl iodide

in the coastal western Pacific and trigger large CH3I emis-

sions due to elevated wind speeds. Local peak emissions

Atmos. Chem. Phys., 13, 11869–11886, 2013 www.atmos-chem-phys.net/13/11869/2013/
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Fig. 3. Campaign-averaged CH3I emissions and modeled entrainment above 17 km are shown for three tropical campaigns (a). CH3I emis-

sions (black line) as well as the relative (colored dots) and total (colored line) amount of CH3I entrained above 17 km are displayed as a

function of time along the cruise track for TransBrom (b), DRIVE (c), and SHIVA (d). Emissions are calculated from the observed flux for

a time period of one hour and an area of 500 m2 for each observation. CH3I lifetime is prescribed with 7 days (entrainment-7 in panel a and

all results in b–d) or with 2–3 days (entrainment-3 in a).

during SHIVA of up to 2980 pmol m−2 h−1 (19 November

2011) exceed the maximum emissions observed during the

other two campaigns and are among the largest local emis-

sions observed so far (Ziska et al., 2013).

The amount of CH3I that reaches the stratosphere has been

estimated based on Lagrangian transport calculations with

FLEXPART. CH3I emissions in the FLEXPART runs are

calculated from the observed flux for a time period of one

hour and an area of 500 m2 for each observation, presented

in Fig. 3 as campaign averages (Fig. 3a) and as time series

over the length of each individual campaign (Fig. 3b–d). The

level above which no significant washout is expected is par-

ticularly important for stratospheric iodine chemistry, since

all CH3I which reaches this level before being photolyzed

can be expected to contribute to the stratospheric Iy bud-

get. While the exact altitude of the “no-washout level” is still

under debate (Fueglistaler et al., 2009), we have chosen the

cold point altitude as an upper estimate since no dehydration

is expected to occur above. Based on evaluations of regu-

lar radiosonde measurements during the ship campaigns, the

cold point is found at 17 km (Fuhlbrügge et al., 2013; Krüger

and Quack, 2012). We quantify the contribution of CH3I to

stratospheric iodine based on the amount of CH3I entrained

above 17 km, which is calculated as the sum of CH3I carried

by all the computational particles across this altitude. Note

that the altitude of the level above which no washout occurs

is a source of uncertainty regarding our results of the CH3I

contribution to stratospheric iodine. If, for instance, hetero-

geneous recycling of iodine from aerosols back to the gas

phase were to occur (Dix et al., 2013), the “no-washout level”

would be lower than the cold point and, as a consequence,

the CH3I contribution to stratospheric iodine would be larger

than estimated below. A simple sensitivity study reveals that

approximately twice as much CH3I is found to contribute to

the stratospheric iodine if the “no-washout level” is set at

16 km instead of 17 km.

For all three campaigns the average amount of CH3I being

entrained above 17 km is shown in Fig. 3a. For the scenario

of a uniform atmospheric lifetime of 7 days (WMO, 2011),

about 0.5 % (DRIVE), 2 % (TransBrom) and 6 % (SHIVA) of

the emitted CH3I reaches the upper TTL and is projected to

be entrained into the stratosphere. In order to investigate the

sensitivity of our results to the prescribed atmospheric life-

time of CH3I, we repeat the same calculation but using an

altitude dependent CH3I lifetime from the TOMCAT CTM.

When the considerably shorter profile lifetime (2–3 days) is

assumed, only 0.1 % (DRIVE), 1 % (TransBrom) and 4 %

(SHIVA) of the emitted CH3I are transported into the upper
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TTL. The entrainment of CH3I above 17 km based on the

two different lifetimes reveals considerable differences, as

one would expect, and illustrates the need for a better un-

derstanding of tropospheric CH3I chemistry. While all the

following results are based on assuming a CH3I atmospheric

lifetime of 7 days, the case study above provides an estimate

of the sensitivity of our results (30–80 % less entrainment) to

variations of the atmospheric lifetime (2.5–3 days instead of

7 days).

The efficiency of atmospheric CH3I transport from the

surface to the cold point (given by the percentage value of

CH3I reaching 17 km) during SHIVA (western Pacific) is

12 to 40 times larger than the efficiency of CH3I transport

during DRIVE (Atlantic). While these results are derived

from model runs based on local campaign data, it is known

from previous studies that the western Pacific is in general

an important region for troposphere–stratosphere transport of

short-lived compounds (e.g., Aschmann et al., 2009; Krüger

et al., 2009; Levine et al., 2007) due to active deep convection

(Fueglistaler et al., 2009 and references therein). For SHIVA,

the large emissions together with the very efficient vertical

transport lead to an overall large amount of CH3I reaching

the stratosphere. The absolute amounts of CH3I being en-

trained above the cold point at 17 km are given in Fig. 3a

for all campaigns, illustrating that 20 times more CH3I is en-

trained for SHIVA compared to DRIVE and 4 times more

when compared to TransBrom.

3.2 Possible connection between CH3I emissions and

atmospheric transport

Oceanic emissions and atmospheric transport vary from cam-

paign to campaign but also considerably within each cam-

paign. Dotted lines in Fig. 3b, c, and d give the transport

efficiency along the cruise track and demonstrate its large

variability from measurement side to measurement side. Dur-

ing DRIVE, the CH3I troposphere–stratosphere transport is

weak for the whole campaign and less than 1 % reaches

the stratosphere (Fig. 3c). However, for the two western Pa-

cific campaigns, the vertical transport is more efficient, lift-

ing 1–16 % of emitted CH3I from the surface to 17 km for

SHIVA, and 0–6 % for TransBrom. While both ship cam-

paigns took place in the western Pacific and encountered pe-

riods of strong convective activity, the amount of overshoot-

ing convection responsible for the transport of the short-lived

CH3I up to 17 km differs between the campaigns. An overall

stronger vertical transport is predicted for the SHIVA cam-

paign, which took place in the coastal regions of the mar-

itime continent, an area well known for deep cumulus con-

vection and heavy precipitation systems during boreal winter

(Chang et al., 2005). For TransBrom, convection above the

open ocean including tropical storm systems dominates the

vertical transport from the surface to the cold point at 17 km.

The total amount of CH3I entrained above 17 km shows max-

imum values for cases when both variables, emission and

transport efficiency, are large. For the SHIVA campaign, this

coincidence is found for the event of the second largest emis-

sion on 22 November 2011, where the transport model esti-

mates that around 10 % CH3I could reach 17 km. For Trans-

Brom, the largest total entrainment takes place on 14 October

2009 and is based on an average emission value during times

of maximum efficiency of vertical transport.

In order to further analyze possible coincidences of strong

emissions and efficient vertical transport, a correlation anal-

ysis has been applied to the two time series. For the entire

time series covering the whole cruise length, no correlation

exists for any of the three campaigns. However, when parts

of the time series are analyzed, high correlations are found.

For the TransBrom campaign, correlations between emis-

sions and vertical atmospheric transport reach a maximum

for two individual campaign sections (Fig. 4a). A very high

correlation of 0.89 is found for the first section, comprising

16 data points collected over 2 days (red lines). A high cor-

relation (r = 0.69) also exists for the subsequent cruise sec-

tion extending from 13 October 2009 to 18 October 2009

based on 39 data points. All correlation coefficients are sta-

tistically significant at the 95 % confidence level based on

the Student’s t test. Scatter plots of the emissions versus ver-

tical atmospheric transport show different relationships for

the two periods, with linear fits resulting in slopes of 54 and

5, respectively.

Understanding the two different regimes occurring during

TransBrom, which show correlations if analyzed separately,

but lead to uncorrelated data sets when combined, requires

some background information on the meteorological situa-

tion during the cruise (Krüger and Quack, 2012). The first

cruise section extends north of the Intertropical Convergence

Zone (ITCZ) from 32◦ N to 24◦ N, and model results sug-

gest that vertical transport from the surface to 17 km is weak

with less than 1 % of CH3I being lifted by deep convec-

tion into the upper TTL. At the end of the first cruise sec-

tion (12 October 2009, 27◦ N), the ship crossed the track of

the tropical storm Nepartak and large horizontal wind speeds

reaching values of 20.4 m s−1 were observed. Measurements

were increased to an hourly frequency and peak emissions

of oceanic CH3I were reported during periods of maximum

horizontal winds. Note that during the influence of Nepartak,

the transport model shows strong convective activity, reach-

ing only main convective outflow regions around 12 km and

not the upper TTL, resulting in the weak transport efficiency

discussed above. At the beginning of the second cruise sec-

tion, the ship crossed the ITCZ and came close to the tropical

storm Lupit (14 October 2009, 18◦ N), which developed into

a super typhoon a couple of days later (Krüger and Quack,

2012). Similar to the situation during Nepartak, the strong

horizontal wind speeds are accompanied by increased atmo-

spheric trace gas concentrations and emissions. As opposed

to the first cruise track section, atmospheric transport into the

upper TTL is very efficient during the second cruise section,

in accordance with its location within the ITCZ.
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Fig. 4. The CH3I observed emissions (line) and the modeled relative amount entrained above 17 km (dots) are shown for TransBrom (a)

and SHIVA (b) as a function of time (left panels) and as a scatter plot (right panels). The subsets, for which correlations between the two

functions have been identified, are color-coded in red and blue. The correlation coefficients (r) are given in the right panel.

Table 4. Correlation coefficients between CH3I emission, horizontal wind speed and vertical transport efficiency (given by the relative

amount of CH3I entrained above 17 km). The coefficients are given for the entire TransBrom and SHIVA campaigns as well as for the

subsets where correlations between the CH3I emissions and vertical transport efficiency have been identified (TransBrom section 1 and 2,

SHIVA section 1).

Correlation coefficients TransBrom TransBrom TransBrom SHIVA SHIVA

for various cruise sections section 1 section 2 entire section 1 entire

CH3I emission 0.93 0.93 0.82 0.70 0.62

and horizontal wind speed

Horizontal wind speed 0.87 0.74 −0.29 0.73 0.49

and vertical transport

CH3I emission 0.89 0.69 −0.05 0.59 0.28

and vertical transport

For the SHIVA campaign, the correlation between oceanic

emissions and atmospheric transport reaches a maximum for

the cruise section in the South China Sea from 17 Novem-

ber to 23 November 2011, comprising 47 data points. Fig-

ure 4b shows the two time series, oceanic emissions and

troposphere–stratosphere transport efficiency, with the data

during the respective cruise section displayed in red. The

correlation (r = 0.59) results mostly from the fact that the

large emissions on 21–22 November 2011 are accompanied

by fast vertical transport. Note that for these two days high

horizontal wind speeds of up to 13 m s−1 occurred, while the

horizontal winds during the time period before were moder-

ate, around 5 m s−1. After 23 November 2011, the horizontal

winds and also the vertical transport continued to be large;

however, due to lower oceanic concentrations and saturation

anomalies the emissions are small compared with the first

cruise section.

Based on two tropical campaigns in the western Pacific,

three cruise sections have been identified that show a corre-

lation between the amount of CH3I emitted from the ocean

www.atmos-chem-phys.net/13/11869/2013/ Atmos. Chem. Phys., 13, 11869–11886, 2013
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and the fraction of emitted CH3I transported from the surface

to the cold point at 17 km. In general, CH3I shows relatively

uniform oceanic concentrations over the various cruise sec-

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

mined by the wind speed variations with high wind speeds

resulting in a fast atmospheric outflow and an immediate re-

placement of the gas from the oceanic source. Such corre-

lations between emissions and horizontal wind speeds have

also been observed for other short-lived halogenated gases

such as CHBr3 and CH2Br2 in supersaturated coastal waters

during tropical storm activities (Zhou et al., 2008). We find

the strongest CH3I emissions during tropical storms, which

on the other hand can lead to intense vertical transport as-

sociated with developing tropical cyclones. It has been sug-

gested that tropical cyclones could play an important role

for troposphere–stratosphere exchange due to associated fre-

quent convective overshooting (Rossow and Pearl, 2007) and

due to contributing a disproportional large amount of the con-

vection that penetrates the stratosphere (Romps and Kuang,

2009). The mechanism of strong horizontal winds trigger-

ing large emissions, on the one hand, and being associated

with tropical convective systems, on the other hand, could

provide a possible explanation of the identified correlations.

Such a mechanism could also explain why data over longer

time periods are uncorrelated if the meteorological or oceanic

regime changes. Examples are the change in oceanic CH3I

concentration gradients during SHIVA on 23 November 2011

coinciding with the end of the correlation time period and

the change of meteorological conditions during TransBrom

on 14 October, across the ITCZ, coinciding with the switch

between the two correlation regimes.

Correlation coefficients between all three quantities are

presented in Table 4 for different sections of the two cruises.

Evidently, in all cases there is a strong correlation between

CH3I emissions and the horizontal wind speed. When the

horizontal surface wind is also strongly correlated with the

efficiency of vertical transport, we find the above discussed

correlation between CH3I emissions and vertical transport.

The fact that for these cases both quantities are highly corre-

lated with the horizontal wind further strengthens the above

suggested mechanism. For the entire TransBrom cruise, no

correlation of the horizontal winds with the vertical transport

can be found, probably due to the very different meteorolog-

ical regimes. For the entire SHIVA campaign, the correlation

between CH3I emission and horizontal winds is somewhat

weaker than for the other cases, probably because of a switch

in the oceanic regime.

For the cruise sections where a correlation between emis-

sion and vertical transport could be identified, one also finds

the overall largest amounts of CH3I being transported into

the stratosphere. For TransBrom, the maximum amount of

0.1 ppt CH3I at 17 km (Fig. 5) is associated with emissions on

14 October 2009 and subsequent atmospheric transport influ-

enced by the tropical storm Lupit. Atmospheric CH3I abun-

dance at 17 km averaged over the whole campaign amounts
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Fig. 5. Modeled CH3I profiles based on observed emissions during

the TransBrom, DRIVE and SHIVA ship campaigns. For all three

campaigns mean values (solid lines) and maximum values (dashed

lines) are given.

to 0.02 ppt. During SHIVA, very large peak emissions as well

as very intense vertical transport result in model estimates of

0.6 ppt CH3I at 17 km (Fig. 5), which is much larger than

any values reported by high reaching aircraft measurements

so far (Montzka and Reimann, 2011). The campaign aver-

age mixing ratio at 17 km is considerably lower, amounting

to 0.07 ppt. During DRIVE, the maximum values at 17 km

range around 0.03 ppt and mean values are in the order of

0.01 ppt (Fig. 5). Note that in the free troposphere, the CH3I

estimates are of similar order of magnitude as recent obser-

vations of inorganic iodine (Puentedura et al., 2012; Dix et

al., 2013). In order to investigate whether the relatively large

mixing ratios in the upper TTL estimated for the western

Pacific emissions are isolated cases, strongly deviating from

otherwise low CH3I abundances, or if they occur frequently

enough to impact global CH3I, we analyze global model runs

in the next section.

4 Global atmospheric CH3I transport

4.1 Comparison with aircraft measurements in the

lower TTL

The global contribution of CH3I to the stratospheric iodine

budget is estimated from FLEXPART model runs using a

global emission climatology provided by Ziska et al. (2013)

as input data. The emission maps have been derived from

individual campaign measurements; however, as a result of

the averaging process they do not represent the full spread of

the original data. Furthermore, they do not include instanta-

neous peak emissions that might be correlated to the subse-

quent atmospheric transport, as illustrated above for individ-

ual campaigns. Figure 6 presents the 40◦ S–40◦ N section of

Atmos. Chem. Phys., 13, 11869–11886, 2013 www.atmos-chem-phys.net/13/11869/2013/
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Fig. 7. Comparison between observed and modeled vertical profiles of CH3I in the troposphere and lower TTL. Observations from all

tropical flight sections of each aircraft campaign are used to find coincident model output. Observations and model results are averaged

over all coincident data points in 1 km wide vertical intervals for TC4-DC8 (left panel), HIPPO2 (middle panel), and SHIVA (right panel).

Horizontal bars indicate ±1 standard deviation.

the emission climatology. Due to supersaturated oceans the

climatological emissions are nearly everywhere positive and

only a very few grid points denote CH3I sinks. Large oceanic

sources are found in the subtropical gyre regions as well as

in North Atlantic. The tropical western Pacific region shows

particularly low CH3I emissions. Recent observations in this

region during the SHIVA ship campaign, which have not

been included in the climatology compilation so far, suggest

the climatology might underestimate western Pacific emis-

sions.

We compare modeled CH3I abundances to available air-

craft measurements in the free troposphere and TTL region.

A special focus is on the model-measurement comparison

in the upper TTL and on the question whether the aircraft

measurements available here are representative of existing

global estimates. The comparison is based on model runs

carried out for the time period of the respective campaign

and uses global emission climatologies as input data. As a

result we expect the modeled atmospheric transport to rep-

resent the atmospheric conditions during the campaign, even

though the climatological emissions might deviate from the

true local emissions present at the time. A geographic map of

the flight tracks is shown in Fig. 6. In a first step, coincident

data points for observations and model output are identified

if they are less than 12 h apart and if their distance is less

than 0.5◦ horizontally and less than 0.5 km vertically. Profile

comparisons are determined for each campaign by taking the

mean and standard deviation over all coincidences identified

for the particular campaign data and for the corresponding

model output.

The profile comparison for the three aircraft campaigns,

which provide data in the free troposphere and lower UTLS,

show in general a good agreement between the observations

and the model results, with the latter being consistently lower

(Fig. 7). For TC4-DC8, the modeled profile shows a steeper

vertical gradient between 1 and 3 km than the observations,

leading to some disagreement below 5 km. Above this level,

model output and observations agree within their respective

standard deviations. The HIPPO2 flight tracks extend over

all tropical latitudes and campaign averaged profiles show a

large variability below 10 km and around 13–14 km, which

is also displayed although somewhat weaker by the model

results. Mean values agree very well on some levels (e.g.,

above 10 km) but show larger discrepancies on other levels

(e.g., 3–4 km). For SHIVA, the variability over all flight sec-

tions is small for observations and model results. In general,

observed and modeled profiles show a very similar shape

with FLEXPART results being slightly smaller consistently

www.atmos-chem-phys.net/13/11869/2013/ Atmos. Chem. Phys., 13, 11869–11886, 2013
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Fig. 8. Same as Fig. 7 for vertical profiles of CH3I in the troposphere and TTL for the aircraft campaigns ACCENT, Pre-AVE, TC4-WB57,

and ATTREX.

over the whole altitude range. The largest differences are

found around 11 km. For some individual flights, convective

outflow leads to observations of enhanced CH3I between 10

and 12 km that result in a “C-shape” profile, a characteristic

which is well captured by the model results (not shown here).

4.2 Comparison with aircraft measurements in the

upper TTL

Model-measurement comparisons for the four campaigns

conducted with the high-altitude aircraft sampling in the up-

per TTL and lower stratosphere are shown in Fig. 8. For

three out of four campaigns, the modeled abundances above

10 km agree very well with the observations. For all three

cases, the mixing ratios in the upper TTL are below 0.1 ppt,

with the exception of the strongly enhanced mixing ratios at

16 km during ACCENT, which are reported by the observa-

tions and the model results. Largest discrepancies are found

for the TC4-WB57 campaign, where basically no CH3I was

observed above 15 km while FLEXPART simulates mix-

ing ratios around 0.1 ppt for the levels 13–17 km. Only be-

low 10 and above 17 km does the model output agree well

with the TC4-WB57 observations. A summary of the model-

measurement comparison in the TTL is displayed in Fig. 9,

where the modeled and observed profiles averaged over all

four campaigns are displayed. FLEXPART overestimates the

amount of CH3I observed at 17–18 km (0.01 ppt) simulating

a too strong CH3I entrainment. However, the model results

underestimate CH3I at 19 km, which observations suggest to

be around 0.02 ppt. Since CH3I has no source in the atmo-

sphere, one would expect to find lower values at higher al-

titudes. A horizontally moving aircraft, however, will probe

different air masses at the different altitude levels, and a posi-

tive vertical gradient, as noted between 17 and 19 km, can oc-

cur. The overall comparison of the 17–19 km region gives a

good agreement between observations (0.011–0.019 ppt) and

model results (0.006–0.032 ppt).

4.3 Global CH3I in the upper TTL

It is also of interest to estimate CH3I abundances in re-

gions where no in situ measurements in the upper TTL are

available. The projected amount of CH3I entrained into the

stratosphere depends on various FLEXPART model param-

eters and their associated uncertainties such as in the con-

vective parameterization and in the vertical transport driven

by the vertical wind fields. The accurate representation of

convection has been validated with tracer experiments and
222Rn measurements (Forster et al., 2007). The application

of transport timescales based on vertical heating rates in-

stead of vertical wind fields in the TTL between 15 and

17 km results in only minor differences of VSLS entrainment

(Tegtmeier et al., 2012). As discussed earlier, our results are

also constrained by the prescribed CH3I lifetime, which can
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that include measurements in the upper TTL (ACCENT, Pre-AVE,

TC4-WB57, and ATTREX). Horizontal bars indicate ±1 standard

deviation.

cause variations of CH3I entrainment into the stratosphere of

around 50 %. However, the overall good agreement between

model and observations in the eastern Pacific encourages the

use of the FLEXPART model results for further analysis.

The western Pacific region is of particular interest for the

troposphere–stratosphere transport, and we will evaluate how

the FLEXPART results in this area compare to the model re-

sults and observations in the eastern Pacific. Such a compar-

ison will allow speculations of how representative global es-

timates are of existing aircraft measurements. In Fig. 10a ob-

servations averaged over four tropical campaigns that crossed

the eastern Pacific are displayed together with FLEXPART

results averaged over three regions: the whole tropical belt

(30◦ N–30◦ S), the tropical western Pacific, and the tropical

eastern Pacific aircraft campaign area. While for the west-

ern Pacific and the tropical belt the 2009 annual mean is dis-

played, the eastern Pacific average is based on the months

when aircraft measurements are available (see Table 3) in or-

der to allow for a comparison of the modeled eastern Pacific

mean values with the in situ observations. The observations

and model results for the eastern Pacific agree quite well, as

discussed above for the comparisons based on coincidences.

While observations suggest 0.01 ppt CH3I at 17 km, the mod-

eled profile shows slightly larger values of 0.02 ppt. Over-

all, the comparison indicates that the available in situ mea-

surements provide representative estimates of the mean CH3I

abundance in the eastern Pacific region. FLEXPART results

for the western Pacific region show considerably larger mix-

ing ratios, especially between 14 and 18 km with 0.08 ppt

CH3I at 17 km. The geographical distribution of the mixing

ratios is displayed in Fig. 10b, indicating that the western

Pacific region between 100◦ W and 150◦ E shows the largest

CH3I abundances. Our model does not take into account ter-

restrial CH3I emissions and therefore the very-short lived

CH3I is projected to reach the cold point and enter the strato-

sphere mostly above the oceans.

The average entrainment of CH3I into the stratosphere

amounts to 0.04 ppt, as demonstrated by the tropical mean

(30◦ S–30◦ N) CH3I profile (Fig. 10a). In the annual mean

distribution the entrainment is focused on the inner tropical

latitude bands, mainly between 20◦ S and 20◦ N where the

mean mixing ratio is about 0.05 ppt. Figure 11 provides in-

formation on the frequency occurrence of CH3I mixing ratios

at 17 km between 20◦ S and 20◦ N. As already evident from

the geographical distribution of CH3I abundances (Fig. 10),

most values range between 0 and 0.1 ppt (82 %). However,

a small amount of air is projected to carry larger amounts

of CH3I, with 5.5 % of air having mixing ratios larger than

0.2 ppt. Mixing ratios above 0.4 ppt occur only very rarely

(0.6 %), while mixing ratios above 0.6 ppt occur only in less

than 0.1 % of all air masses. The results from the global CH3I

model run show that the estimates from ship campaigns for

TransBrom and SHIVA (0.02 and 0.07 ppt, respectively) are

in the general range of values found in the western Pacific.

Some in situ peak emissions observed during SHIVA com-

bined with subsequent strong vertical transport lead to ex-

tremely high CH3I abundances at 17 km (∼ 0.6 ppt), which

are expected to occur in less than 0.1 % of all events based

on global model projections.

5 Summary and discussion

Our study follows a two-way approach for modeling up-

per air CH3I abundances. One method uses highly local-

ized CH3I emissions estimated during three ship campaigns

to study the detailed characteristics of CH3I transport from

the ocean surface through the TTL up to the cold point. The

second approach uses global climatological emissions to es-

timate the global strength and geographical distribution of

CH3I entrainment into the tropical stratosphere. Model re-

sults are compared to measurements from high-altitude air-

craft campaigns currently available in the eastern Pacific re-

gion.

The detailed analysis of CH3I emissions and transport for

three individual ship campaigns reveals that the emissions

vary by about 50 % from campaign to campaign, but show

much larger variations within one campaign. The large vari-

ability between measurements is supposedly related to the

varying meteorological conditions, in particular to the varia-

tions of the horizontal winds. It is of interest to estimate to

what degree one needs to know this variability in order to re-

alistically simulate the CH3I transport from the surface into

the stratosphere. Especially if the CH3I emissions and the

intensity of vertical transport are correlated, coarse model

simulations could potentially over- or underestimate atmo-

spheric CH3I abundances. While such correlations have not

been observed over the entire length of one ship campaign,

www.atmos-chem-phys.net/13/11869/2013/ Atmos. Chem. Phys., 13, 11869–11886, 2013
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Fig. 11. Frequency occurrence of CH3I abundances at 17 km in the

tropics for 2009 based on climatological emissions. The inset panel

provides a zoom-in for the range of larger mixing ratios 0.2–0.7 ppt.

individual sections with high correlations between emission

and vertical transport have been identified. The analysis of

the meteorological conditions during the campaigns leads

to the hypothesis that the horizontal surface winds act as a

connecting link between emission and transport. On the one

hand, horizontal wind strength directly determines the emis-

sion strength by diluting CH3I rich air and thereby control-

ling the uptake capacities of the atmosphere. Note that such

mechanism works only for short-lived gases that are strongly

supersaturated, as it is the case for CH3I in most regions. Ele-

vated oceanic concentrations and larger concentration gradi-

ents between sea water and air in source regions support this

effect. On the other hand, horizontal wind variations depend

on the meteorological conditions, such as convective systems

or storm events. In particular, strong horizontal winds as-

sociated with tropical cyclones (i.e., typhoons) can indicate

efficient vertical uplift possibly penetrating the stratosphere

and thereby complete the line of argument connecting CH3I

emission strength and CH3I troposphere–stratosphere trans-

port. Note that for the DRIVE campaign with very little uplift

of CH3I into the upper TTL, emission and vertical transport

are found to be uncorrelated. Determining the conditions that

are required in order for the proposed mechanism to hold

would require further analysis, ideally based on campaign

data obtained during various meteorological situations.

The importance of the identified coincidences of strong

emissions and efficient vertical transport for model simula-

tions can be investigated with a simple test. For the campaign

sections where a correlation between emission and transport

was found, a considerable difference (of up to 70 %) would

result when the transport simulations would have been ini-

tiated with one average emission instead of the highly vari-

able emission time series. The opposite is true for campaign

sections where emissions and vertical transport are uncorre-

lated. Here, model runs using one average emission lead to

approximately the same amount of CH3I at the cold point

level as model runs using the spatially resolved emissions.

If such correlations, as identified for parts of the tropical

campaigns, were a more general phenomena, than global

modeling studies should be based on highly resolved emis-

sions scenarios instead of uniform background mixing ra-

tios. However, CH3I emission maps derived from observa-

tions can only be compiled in a climatological sense due to

the low data density and cannot include information on the

temporarily highly variable emission peaks. As a result, mod-

eling studies based on climatological emission maps cannot

fully take into account the simultaneous occurrence of large

CH3I emissions and strong vertical uplift and might therefore

lead to an underestimation of stratospheric CH3I. Model sim-

ulations could benefit from using the climatological surface

concentration maps in order to calculate the emissions instan-

taneously. Parameterizations of CH3I oceanic concentrations

based on biogeochemical modeling (e.g., Stemmler et al.,

2013) could help to further improve the modeling approach.
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Our results indicate that a realistic simulation of current and

future iodine loading in the troposphere and stratosphere re-

quires, among many other factors, highly resolved and well

constrained CH3I emission scenarios. In particular, the si-

multaneous occurrence of large CH3I emissions and strong

vertical uplift during the developing tropical typhoon suggest

that future changes in tropical cyclone activity (Murakami et

al., 2011) might influence the contribution of CH3I to strato-

spheric iodine in a changing climate.

Comparisons of aircraft measurements in the upper TTL

with coincident model output give a good agreement with

slightly larger CH3I abundances in the model. In the east-

ern Pacific region, where aircraft campaigns are available,

the observations and the model indicate that around 0.01

to 0.02 ppt of CH3I enter the stratosphere. However, other

tropical regions, which are subject to stronger convective ac-

tivity, are suggested to have larger CH3I entrainment, e.g.,

0.08 ppt in the western Pacific. Note that our global climato-

logical approach cannot account for any link between strong

local emissions and vertical transport, which could lead to

even larger entrainment, as discussed earlier. One example

of such large entrainment is given by the peak emission and

simultaneous strong vertical uplift during the SHIVA cam-

paign, which results in a localized mixing ratio of 0.6 ppt,

a magnitude larger than area-average mixing ratios. While

our current understanding of the CH3I contribution to strato-

spheric iodine is mostly based on above-mentioned measure-

ments and on model results (Aschmann et al., 2009; Ordóñez

et al., 2012), which range around 0.01 ppt, our model re-

sults suggest an overall tropical contribution of 0.04 ppt. This

is in good agreement with a model study from Donner et

al. (2007), who derived similar CH3I mixing ratios at the cold

point. Differences between existing model results can arise

from different treatment of CH3I emissions, convection and

photochemistry in the models. Note that in addition to our in-

sufficient knowledge of the direct CH3I entrainment into the

stratosphere, the atmospheric lifetime of inorganic iodine is

a major uncertainty for the quantification of the stratospheric

iodine budget. Our results show strong variations in the ge-

ographical distribution of CH3I entrainment, suggesting that

currently available upper air measurements are not represen-

tative of global estimates. Further aircraft campaigns for dif-

ferent emission regions and especially for different convec-

tive transport regimes will be necessary in order to better un-

derstand the CH3I contribution to stratospheric iodine.
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Abstract 

Very short lived organic compounds containing halogens, as bromoform (CHBr3), dibromomethane 

(CH2Br2) and methyl iodide (CH3I) are naturally produced in the oceans and are involved in ozone 

depletion in both the troposphere and the stratosphere. The effect of climate change on the oceanic 

emissions of these compounds is unknown. Based on present global oceanic and atmospheric 

concentrations and future sea surface wind speed, temperature and salinity and sea level pressure 

from three CMIP 5 (fifth phase of the Climate Model Intercomparison Project) models past and 

future sea-to-air fluxes of CHBr3, CH2Br2 and CH3I are simulated. The output fields from the model 

runs of CESM1-CAM5, MPI-ESM-LR and HadGEM2-ES for the time period 1979-2100 from the 

historical scenario and the RCP scenarios 2.6 and 8.5 are used as input data for emission calculations. 

Globally, the sea surface temperatures show a steady increase during the 21th century, while the 

modeled changes of sea surface wind speed vary from a small positive trend at the beginning to a 

negative trend at the end of the century. The emissions based on the historical model runs of CESM1-

CAM5 and MPI-ESM-LR (1979-2005) agree well with the emissions based on ERA-Interim data as 

driving forces, while the HadGEM2-ES model output is much lower, likely caused by the different 

temporal resolutions of the input parameters. The future sea-to-air fluxes of the halogenated 

compounds generally increase during the 21th century. The global emissions of CHBr3 increase by 

29.4% (9.0%) between the time periods 1986-2005 and 2081-2100 for the RCP 8.5 (2.6) scenario. The 

future CH2Br2 and CH3I emissions increase by 23.3% (6.4%) and by 5.5% (1.5%) for the RCP 8.5 (2.6) 

scenario. Possible uncertainties of the future emission estimates, such as the role of oceanic 

productivity under ongoing environmental changes are discussed. 

1. Introduction 

 

The very short-lived halogenated compounds bromoform (CHBr3), dibromomethane (CH2Br2) and 

methyl iodide (CH3I) are naturally produced by biological and non-biological pathways in the ocean 

(Quack and Wallace, 2003; Richter and Wallace, 2004; Hopkins et al., 2013). The emission strength of 

these halocarbons from the ocean into the atmosphere can be estimated, based on their 

concentration gradient between sea water and atmosphere, wind speed, sea surface temperature 

and sea surface salinity (Quack and Wallace, 2004; Ziska et al., 2013; Hepach et al., 2014). Emitted 

into the marine boundary layer, the halocarbons are oxidized or photo dissociated to reactive 

halogen species which play an important role for tropospheric and stratospheric chemistry (Montzka 

and Reimann, 2011; Saiz-Lopez and von Glasow, 2012). Model studies revealed that the inorganic 

bromine (Bry) influence on the global tropospheric ozone budget is about 5-30% (Yang et al., 2005; 

von Glasow et al., 2004). CH3I is the dominant source of organic iodine in the troposphere, which is 
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involved in several atmospheric chemical cycles, e.g. the tropospheric ozone cycle and aerosol 

formation (Saiz-Lopez et al., 2012; Dix et al., 2013). The three halogenated compounds and their 

degradation products can be transported by deep convection (Aschmann et al., 2009; Tegtmeier et 

al., 2012) into the tropical tropopause layer (TTL) and even reach the stratosphere where they can 

also be involved in ozone depletion. Bromine is about 45-69 times more efficient than chlorine in 

destroying stratospheric ozone (Sinnhuber and Folkins, 2006) while iodine is even much more 

efficient in the catalytic cycles (Solomon, et al. 1994) 

Environmental processes are expected to change due to the ongoing anthropogenic emissions of 

greenhouse gases, particularly CO2, which leads to global warming and ocean acidification (Bopp et 

al., 2013; Doney, 2010). Field experiments (Riebesell et al., 2007) and modelling studies (Collins and 

Knutti, 2013) are used as tools to estimate future changes of biological, physical and chemical 

processes both in the ocean and in the atmosphere until the year 2300.  

The fifth phase of the Climate Model Intercomparison Project (CMIP 5) includes a large number of 

different state-of-the-art climate models and is part of the 5th IPCC report. Goals of the 5th IPCC 

report are to provide realistic model simulations of the recent past, as well as to calculate and 

evaluate future projections. Climate model runs vary global warming from 2.6 to 8.5W m-2 and 

predict the future changes for different scenarios (Taylor et al., 2012). Multi model means of the 5th 

IPCC report project an increase in sea surface temperature, apparently strongest in the tropics and 

subtropics for the end of the century (Collins and Knutti, 2013). The ongoing environmental changes 

might also have an influence on the oceanic production of the marine derived compounds 

(Behrenfeld et al., 2006;Bopp et al., 2013). Biological future changes influencing very short lived 

substances (VSLS) production in the ocean have been poorly investigated so far. During a mesocosm 

experiment in the Arctic Ocean the effects of ocean acidification on halocarbon concentrations were 

marginal (Hopkins et al., 2013).  

A future increase of stratospheric bromine loading including CHBr3 and CH2Br2 due to intensified 

vertical transport into the tropical stratosphere is predicted (Pyle et al., 2007; Dessens et al., 2009). 

An increase in stratospheric source gas injection of the biogenic VSLS CH2Br2 and CHBr3 of ~60% until 

2100 under extreme (RCP scenario 8.5) conditions is projected due to enhanced convection as 

demonstrated by Hossaini et al. (2012b). Further, the study suggests that CH2Br2 will be more 

sensitive to the predicted future increase in tropospheric hydroxyl radicals which is the major sink for 

CH2Br2 compared to CHBr3 which main tropospheric reduction is photolysis. Under future climate, 

longer lived species like CH2Br2 with an atmospheric lifetime of several months might contribute 

more to total stratospheric bromine compared to shorter lived species like CHBr3 (Dessens et al., 

2009). However, none of these models consider future changes in halogenated sea-to-air fluxes. Thus 
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future emission estimates are needed to reduce the uncertainties of model studies projecting 

halogen  contribution of VSLS into the future stratosphere (Hossaini et al., 2012). 

Our study estimates first future oceanic emissions of bromoform, dibromomethane and methyl 

iodide to the year 2100, based on the projected change of physical driving forces. We use the model 

output fields from two RCP scenarios (2.6 and 8.5) of the three different CMIP 5 models CESM1-

CAM5, MPI-ESM-LR and HadGEM2-ES (IPCC). Model based sea surface salinity (SSS), temperature 

(SST), wind speed (U) and sea level pressure (SLP) from 1979-2100 are used for the sea-to-air flux 

calculation together with the observation based climatological oceanic concentration and 

atmospheric mixing ratios of Ziska et al. (2013). Emissions based on the historical CMIP 5 model runs 

are compared to the emission climatology calculated with ERA-Interim data (Ziska et al., 2013) for 

the time period 1979-2005 and to future emissions projections (2006-2100). Finally, possible 

uncertainties of the future halogenated emissions are discussed. 

2. Data and Method 

2.1. Concentration maps 

Based on surface measurements from the HalOcAt database (https://halocat.geomar.de) global 

marine and atmospheric maps of CHBr3, CH2Br2 and CH3I were calculated on a common 1°x1° grid 

(Ziska et al., 2013). All available data were classified into coastal, shelf and open ocean region and 

were interpolated onto the grid. Furthermore, based on the observed biogeochemical distribution of 

the VSLS the oceanic and atmospheric open ocean regions were divided into four different ocean 

basins and into five latitudinal bands. In each region missing grid values were extrapolated with the 

ordinary least square regression technique. The thus derived oceanic and atmospheric concentration 

fields are considered climatological data covering 1989-2011 since all measurements over this time 

period were included (Ziska et al., 2013).  

2.2.  Meteorological input parameters 

For the time period 1979-2013 the marine halogenated emissions were calculated with 6 hourly 

input parameters U, SST and SLP from the ECMWF meteorological reanalysis product ERA-Interim 

(Dee et al., 2011), and a monthly mean SSS from the World Ocean Atlas 2009 (Antonov et al., 2010). 

From three CMIP 5 models, MPI-ESM-LR, CESM1-CAM5 and HadGEM2-ES, monthly model output 

fields of U, SST, SLP and SSS of two Representative Concentration Pathways (RCP) 2.6 (less warming) 

and 8.5 (extreme warming) (van Vuuren et al., 2011) were used as input parameters for the 

calculation of oceanic emissions for the time period 2006-2100. Additionally, for the years 1979-2005 

historical model runs were determined. Our goal was to use several model parameterizations as well 

as models from different modeling centers sharing individual model components to cover a wide 
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range of possible future variability. The models had to include the four input parameters for both 

scenarios. Finally, we chose the two models which agree best with the ERA-Interim emissions and 

one exemplary model which shows an offset (section 3.3) to the ERA-Interim sea-to-air fluxes. The 

physical parameters supplied by the three Earth System Models vary in horizontal and vertical 

resolution in ocean and atmosphere (Table 1). For further calculations, all variables were 

interpolated onto a common 1°x1° grid. We use the first ensemble run of the historical model runs 

and all available ensemble runs of the future projections for further calculations.  

2.3. Emission calculation 

Based on the global oceanic and atmospheric concentration climatologies from Ziska et al. (2013) and 

the input parameters of the CMIP 5 models and ERA-Interim sea-to-air fluxes estimates were 

determined. The sea-to-air flux (F in pmol m-2 h-1) was calculated as the product of the air-sea gas 

exchange coefficient (k in cm h-1) and the sea-to-air concentration gradient (ΔC in pmol L-1): 

F = k ΔC.           (1) 

The parameterization of Nightingale et al. (2000) was used to determine k, which was adapted to the 

compounds of interest applying the same underlying equations described in the publication of Ziska 

et al. (2013) in order to be consistent and comparable with the present day estimates from that 

study. For the time period 1979-2013 we calculated 6-hourly global emission maps based on 6-hourly 

ERA-Interim U, SST, SLP monthly mean of SSS and the  climatological global oceanic concentrations 

and atmospheric mixing ratios from Ziska et al. (2013). Monthly means, yearly means and the long 

term mean of the 35-year time period (ERA-Interim time series) were calculated for each grid point. 

For the time period 1979-2100 we determined global monthly mean emissions based on the monthly 

mean input parameters U, SST, SLP and SSS of the three CMIP 5 models with fixed atmospheric and 

oceanic concentrations from Ziska et al. (2013). The monthly CMIP 5 global emissions were added 

upto annual values.   

3. Results and discussion   

We compare the past and present emissions determined with the historical CMIP 5 model runs and 

those based on ERA-Interim data. Further, the sea-to-air flux projections using the extreme and low 

(RCP 8.5 and 2.6) scenarios are analyzed to the year 2100.  

3.1.  ERA-Interim 

Time series of the calculated global annual mean sea-to-air flux of CHBr3, CH2Br2 and CH3I over three 

decades based on the ERA-Interim dataset as well as the corresponding input parameters U, SST and 

SLP for the time period 1979-2013 are shown in Figure 1. The emissions determined for the years 

1989-2011 from Ziska et al. (2013) are included and extended for the complete available time period 
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of the ERA-Interim dataset (1979-2013). A trend was calculated based on the linear regression 

method for each time series. Except for the SLP, all time series show significant trends with p < 0.01 

and the linear regression term is included in Figure 1. The three sea-to-air flux time series show a 

similar increase from 1979 to 2013 of 7.9% for CHBr3, 6.7% for CH2Br2 and 6.3% for CH3I, respectively. 

The inter-annual variability (calculated as standard deviation over the annual mean time series) of 

the VSLS emission for the time period 1979-2013 is less than 5% showing no significant changes 

compared to the publication of Ziska et al. (2013). The sea-to-air fluxes show a minimum to 

maximum range within the years 1979-2013 from 2.3 to 2.6 Gmol Br yr-1, 0.9 to1.1 Gmol Br yr-1 and 

1.3 to 1.5 Gmol I yr-1 for CHBr3, CH2Br2 and CH3I respectively. The positive trend of the emission time 

series is a result of the 2.5% and 1% increase of the input parameters U and SST (Figure 1) showing 

an inter-annual variability of less than 1%. The input parameter SLP illustrates a slight increase of 

0.02% for the time period 1979-2013, however, the trend is not significant.  

3.2.  CMIP5  

We compare the output fields from the three different CMIP 5 models that are used for the future 

sea-to-air flux calculations of CHBr3, CH2Br2 and CH3I. The global 1979-2100 time series of the 

parameters U and SST are shown in Figure 2. The temporal changes of global SLP and SSS (not 

shown) are negligible compared to U and SST. All three historical (1979-2005) SST fields are in good 

agreement with the ERA-Interim dataset regarding absolute values as well as a linear significant (p < 

0.01) increase from 1979-2005 (Figure 2). The global annual mean values are 13.5°C, 13.4°C and 

13.3°C for HadGEM2-ES, CESM1-CAM5 and MPI-ESM-LR, respectively and 13.5°C for the ERA-Interim 

data set. A future increase in sea surface temperature is seen for all three model runs. HadGEM2-ES, 

CESM1-CAM5 and MPI-ESM-LR project a 4.4%, 5.7% and 2.0% increase for the RCP 2.6 scenario and 

24.8%, 18.7% and 17.4% for the RCP 8.5 scenario from the years 2006-2100, respectively. The SST in 

the low scenario shows a steady increase up to the year 2060. Afterwards a significant (p < 0.01) 

weak (~ 1%) decrease is shown for MPI-ESM-LR and HadGEM2-ES (Meehl et al., 2013).  

The global historical sea surface wind speed time series of the three CMIP 5 models show a similar 

linear trend (p < 0.05) as the ERA-Interim dataset, however the annual mean of the wind speed time 

series over the time period 1979-2005 range between 7.5m s-1 (MPI-ESM-LR), 7.4m s-1 (CESM1-

CAM5),  6.9 m s-1 (HadGEM2-ES) and 7.1m s-1 (ERA-Interim). For the extreme scenario the future 

model runs show an increase of 0.6% (MPI-ESM-LR), 1.1% (CESM1-CAM5) and a reduction of -0.2% 

(HadGEM2-ES) from 2006-2100 for the mean global wind speed. While the trend in the global wind 

field is significant (p < 0.01) for CESM1-CAM5 and MPI-ESM-LR, it is not significant for the HadGEM2-

ES model. The low scenario shows a weak changes of the global wind from 2006 to 2100 for all model 

runs of -0.09% (MPI-ESM-LR), 0.28% (CESM1-CAM5) and -0.78% (HadGEM2-ES), but the trend 
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(p<0.05) is only significant for the MPI-ESM-LR model Compared to the other two models the 

HadGEM2-ES model has the lowest global wind speed and an equal long term change for both 

scenarios from 2006 -2100.  More distinct developments of future wind speeds are illustrated on a 

spatial scale. For further investigations, we divided the globe into five latitudinal bands (Figure 3) and 

analyze the regional variations of the four input parameters from the three models for the RCP 8.5 

scenario from 2010 to 2100. In more than 60% of the spatial parameter development, the model 

runs agree in long-term changes and magnitude of the parameters. Significant linear trends (p<0.01) 

in the time series U, SST, SLP and SSS generally exist for at least one model in every latitudinal band. 

In the northern and southern high latitudinal bands of 50°-90° U and SST are increasing whereas SLP 

and SSS are decreasing. The tropical area from 20°N-20°S is characterized by a U and SSS decline and 

a SST and SLP increase to the year 2100. In the extra tropics , north and south of 20°-50° U and SSS 

are marginally reduced from 2010-2100 while the SST strongly increases. The SST increase of 2-4°C is 

shown in all latitudinal bands as also seen from Bopp et al. (2013). The fact that the 2010-2100 long-

term changes of the wind are of opposite sign between the latitude bands likely causes the low 

overall global increase of the surface wind speed projections.  

3.3. Sea-to-air fluxes 

Based on the historical model outputs of U, SST, SLP and SSS from the three CMIP 5 models MPI-

ESM-LR, CESM1-CAM5 and HadGEM2-ES, halocarbon sea-to-air fluxes were calculated (Equation 1) 

and compared to the ERA-Interim emissions for the time period 1979-2005 (Figure 4). 

The annual mean emissions of CHBr3, CH2Br2 and CH3I calculated with the historical MPI-ESM-LR and 

CESM1-CAM5 model output fields from 1979-2005 are in good agreement with the ERA-Interim 

average emissions for the same time period (Table 2). In comparison, the annual mean emissions 

determined with the HadGEM2-ES output fields are much lower for the three compounds compared 

to the ERA-Interim averaged time series, especially for CHBr3. 

The highest available temporal resolution for the historical and future model output fields (is 

monthly means whereas it is 6 hourly means for the ERA-Interim dataset. In order to analyze if the 

temporal resolution of the input data has an impact on the observed high offset between ERA-

Interim and HadGEM2-ES emissions (Figure. 4), we look in detail into the methods for the emission 

calculations based on historical and ERA-Interim data. 

Therefore, the sea-to-air fluxes were newly calculated with ERA-Interim input parameters averaged 

from 6 hourly to monthly and compared with the historical model runs and the 6 hourly ERA-Interim 

emissions (Figure 5). The annual mean ERA-Interim emissions over the time period 1979-2005 

calculated with the 6 hourly input data are always higher by 11%, 10.9% and 11.1% for CHBr3, CH2Br2 

and CH3I, respectively than the monthly fluxes. It is already known for other gases as CO2, that global 

monthly averaged emissions can be about 5% lower compared to emissions calculated with 6 hourly 
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wind speeds if applying a quadratic dependent parameterization (Wanninkhof, 2002). Our 

determined offset between hourly and monthly ERA-Interim emissions is higher than that estimated 

by Wanninkhof, (2002) which could be due to the averaging of three more parameters in our 

calculations. MPI-ESM-LR and CESM1-ESM-LR annual mean emissions of CHBr3, CH2Br2 and CH3I are 

in good agreement to ERA-Interim 6 hourly emissions for the three compounds, whereas the 

HadGEM2-ES is equal to the monthly ERA-Interim emissions, which are about 11% lower. Compared 

to the HadGEM2-ES model the MPI-ESM-LR and CESM1-CAM5 models showed higher mean global 

and regional U and seem to compensate the averaging bias by a larger regional variability in wind 

speed.  Internal variability has been found to play a large role in uncertainties of future projections 

(Deser et al., 2012), which has to be investigated further. Although the HadGEM2-ES emissions show 

lower absolute values compared to the ERA-Interim sea-to-air fluxes (6 hourly) and the MPI-ESM-LR 

and CESM1-ESM-LR models they have a similar long-term change (Table 3). 

  

For the time period 2006-2100 halocarbon sea-to-air fluxes were calculated based on the future 

model outputs of U, SST, SLP and SSS from the three CMIP 5 models MPI-ESM-LR, CESM1-CAM5 and 

HadGEM2-ES (Figure 5).  

The modeled future sea-to-air fluxes for both scenarios (RCP 2.6 and 8.5) show an increase from 

2006 to 2100 for all three halocarbons with a steeper slope for the RCP 8.5 scenario. The long-term 

change of the modeled emissions over the time period from 1986-2005 to 2081-2100 given by the 

three different models ranges from 25.9% to 31.3% for CHBr3, from 21.7% to 24.3% for CH2Br2  and 

from 4.8% to 5.9% for CH3I for  the RCP 8.5 scenario. For the 2.6 scenario the predicted emission 

increase over the next century is much smaller ranging from 5.7 to 12.0%, from 3.9 to 8.2% and from 

1.2 to1.9% for CHBr3, CH2Br2 and CH3I, respectively (Table 4). The lowest increase is seen for the MPI-

ESM-LR model for both the RCP 2.6 and 8.5 scenarios which is possibly due to its lower global SST 

(Figure 2 and 3).  

The spatial halocarbon future emissions calculated with the RCP 2.6 and 8.5 scenarios from the time 

period 1989-2005 (historical) to 2081-2100 show a reduction of CHBr3 and CH2Br2 emissions in the 

tropical band from 20°N-20°S (Table 5). The largest increases are seen for CHBr3 and CH3I in the 

southern high latitudes between 50°S-90°S and for CH2Br2 in the northern high latitudes between 

50°N-90°N. The emission increase in the high latitudes might be due to the combined increase of U 

and SST in these regions. In the extra tropics between 20°N-50°N the models simulate a reduction of 

CH2Br2 and CH3I emissions and illustrate a slight increase of CHBr3 sea-to-air fluxes. While little 

changes in the emission rates are seen for CH3I and CHBr3 between 20°S-50°S, the CH2Br2 emission 

shows a clear increase in that region.   
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3.4. Uncertainties in ocean concentration changes 

We calculated emission fields based on the temporal varying physical input parameters U, SST, SLP 

and SSS and fixed global oceanic concentration and atmospheric mixing ratio maps derived from 

observations from the years 1989-2011. Due to sparse data resolution and a lack in process 

understanding, marine concentration changes due to biological or chemical changes in the ocean are 

not taken into account in the future flux calculation. Indeed the increased future fluxes assume an 

increased halocarbon production in the ocean due to the fixed concentrations. However, although 

the oceanic emissions may increase significantly, the changes of the oceanic production are minor 

and will not be measurable with current instrumentation, since the oceanic concentrations are 

influenced by many factors and the change is occurring in the entire mixed layer, leading to an 

unmeasurable dilution of the assumed increased production (Quack et al., 2007b; Hepach et al., 

2014). Thus the assumption of a naturally unvarying oceanic concentration for the time period of 120 

years is justifiable for this study. Future productivity changes and their actual influence on the 

oceanic halocarbon concentrations need to be assessed in follow-up studies.  

Projected ocean biology changes to the 21th century are e.g. analyzed in the study of Bopp et al. 

(2013). There, the trend of the most important drivers for oceanic ecosystems as SST, oxygen, net 

primary production (net production of organic matter by phytoplankton, NPP) and ph (Fischlin and 

Midgley, 2007) of 10 different CMIP 5 models based on two scenarios (RCP 2.6 and 8.5) were 

compared (MPI-ESM-LR and HadGEM2-ES are included). On a global scale all models showed a 

consistent warming, acidification, deoxygenation and a NPP decrease. However the results are 

spatially different. E.g. tropical oceans will be influenced by a high increase of SST, decreasing 

acidification and NPP rates and inconsistent changes in subsurface oxygen under the RCP 8.5 

scenario. The three ocean basins, North Atlantic, Southern Ocean and North Pacific, are instead 

characterized by high acidification, lower oxygen, inconsistent warming and decreasing to consistent 

NPP. The future decrease of NPP on a global scale is confirmed in the study of Steinacher et al. (2010) 

which implicates a decrease of the marine production and emissions of the biologically related 

halocarbons such as CHBr3, since a model study by Stemmler et al (2014) suggests that bulk primary 

production might be a good proxy for simulating global bromoform production in the open ocean. 

The projected future increase of SST could lead to enhanced oceanic production of CH3I in the 

oligotrophic tropical oceans (Hepach et al., 2014), although a link to oceanic biological production 

also may exist (Stemmler et al., 2014)  However, since it is not revealed which production processes 

influence the oceanic halocarbon concentrations at present, also their future development remains 

obscure, which needs further investigation. 
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4. Summary and conclusion 

In this study, the existing emission time series of bromoform, dibromomethane and methyl iodide 

from the publication of Ziska et al. (2013) are extended to the years 1979-2013. We find an overall 

increase of the annual oceanic emissions of 7.9% for CHBr3, 6.7% for CH2Br2 and 6.3% for CH3I, 

respectively over these last 34 years due to rising global sea surface wind speed and temperature.  

Additionally, first future emission estimates of CHBr3, CH2Br2 and CH3I based on present day 

concentration fields and on monthly U, SST, SLP and SSS output fields of three different CMIP 5 

model (MPI-ESM-LR, CESM1-CAM5 and HadGEM2-ES), from two RCP (2.6 and 8.5) scenarios were 

calculated and compared. The global halocarbon emissions based on the projected input parameters 

show an increase from 2006-2100 for both scenarios, which is most pronounced in high latitudes due 

to increasing temperature and wind. The long-term change of the determined emissions over the 

time period from 1986-2005 to 2081-2100 given by the three different models shows a mean 

increase of 29.4% for CHBr3, of 23.3% for CH2Br2 and of 5.5% for CH3I based on the 8.5 scenario. For 

the 2.6 scenario the predicted emission increase over the next century is much smaller presenting a 

model mean of 9.0%, 6.4% and 1.5% for CHBr3, CH2Br2 and CH3I, respectively.  

We suggest that the calculated increase in CHBr3, CH2Br2 and CH3I emissions will lead to enhanced 

reduction of tropospheric ozone due to higher amount of atmospheric Bry and Iy concentrations. 

Further, the stratospheric ozone depletion might be intensified by the combination of rising 

halocrbon emissions and the postulated increase of vertical transport into the tropical stratosphere 

(Pyle et al., 2007; Dessens et al., 2009; Hossaini et al., 2012).  

The historical HadGEM2-ES model shows a distinct offset towards the ERA-Interim emission time 

series, which might be due to its low projected sea surface wind speeds which is the most important 

driving factor in sea-to-air flux calculations on a global (Ziska et al., 2013) and region scale. In addition 

it was found, that averaging of 6 hourly input parameters to monthly means reduce the annual mean 

halocarbon emissions by about 11%. For a reduction of the averaging bias higher temporal resolution 

of model output fields is needed.  

More measurements in data spare regions and time series in  hot spot regions are needed to gain 

further knowledge and process understanding about sources and sinks mechanisms of natural 

halogenated compounds. This is also necessary as input for biogeochemical ocean models and 

parameterizations, which also requires an understanding of the future development of oceanic 

primary productivity Additionally other halocarbon sources in the ocean due to water pollution have 

to be further investigated and also to be taken into account (Werschkun et al., 2012).The derived  

future emission maps of the two scenarios can be used as input for chemistry climate models to 

estimate the injection of entrainment of biogenic halogens into the stratosphere and their influence 

on the future ozone layer chemistry.  
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Figure 1. Time series of the sea-to-air flux of CHBr3, CH2Br2 and CH3I (in mol (Br/I) yr
-1

) and of the input 

parameters SLP in hPa, SST in °C and U in m s
-1

 for the time period 1979-2013 based on the ERA-Interim 

dataset. The solid lines indicate the dataset used in Ziska et al. (2013) (1989-2011) and the dashed lines show 

the extension of the available time period of ERA-Interim. Further, a significant linear regressions trend with 

p<0.01 is included. 
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Figure 2. Time series from 1979-2100 of the input parameters SST in °C (left panel) and U in m s
-1

 (right panel) 

from the CMIP5 models CESM1-CAM5 (solid line), HadGEM2-ES (dashed line) and MPI-ESM-LR (dashed 

dotted line) for the past from 1979-2005 (historical runs in black) and for the future from 2006-2100 (RCP 2.6 

scenario in blue and 8.5 scenario in red) are shown, as well as the standard deviation of the ensemble means 

(shaded area). The ERA-Interim dataset from 1979-2005 is included for both parameters (white line). 

Additionally, the calculated linear regression of the three historical and the ERA-Interim SST time series from 

1979 to 2005 are plotted in a separate figure in the left panel.  
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Figure 3. Model output time series (from top to bottom); sea level pressure in hPa, sea surface salinity in 

PSU, sea surface wind speed in m s
-1 

and sea surface temperature in °C from MPI-ESM-LR (blue line), CESM1-

CAM5 (red line) and HadGEM2-ES (black line) for the time period 2010-2100 divided into five latitudinal 

bands. 

 

 

 

Figure 4. Emission time series of the halogenated compounds bromoform (right), dibromomethane (middle) 

and methyl iodide (left) calculated with the output fields of the models MPI-ESM-LR (dashed dotted line), 

CESM1-CAM5 (solid line) and HadGEM2-ES (dashed line) as well as with the ERA-Interim data 6 hourly (red 

line with squares) and monthly (red line with circles) for the time period 1979-2005. 
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Figure 5. Modeled global sea-to-air fluxes time series of bromoform (left), dibromomethane (middle) and 

methyl iodide (right) in pmol m
-2

 h
-1

 calculated with the CMIP 5 model output fields of MPI-ESM-LR (dashed 

dotted lines), CESM1-CAM5 (solid line) and HadGEM2-ES (dashed line) using the historical runs from 1979-

2005 (black line), the RCP 2.6 scenario (blue lines) and RCP 8.5 scenario (red lines) both for the time period 

2006-2100. Additionally, the standard deviation of the ensemble means (shaded area) and the ERA-Interim 

dataset from 1979-2005 is included for both parameters (white line) are included. 

 



 

Table 1. A brief description of the CMIP 5 models, including atmospheric and oceanic resolution (lev is number of vertical levels and the horizontal 

resolution is in degree) as well as the number of ensembles of the historical (1979-2005) model runs and the number of the ensemble of the RCP 

scenarios (2.6 and 8.5) (2006-2100) used in this study. 

Model 
Model Centre               

(or Group) 
Atmosphere Ocean 

Number of 

ensemble 

(1979-2005) 

Number of 

ensemble  

(2006 -2100) 
Reference 

MPI-ESM-LR 
Max Planck Institute 

for Meteorology 
47 lev, 1.9° 40 lev, 1.5° 1 3 Giorgetta et al. 2013 

CESM1-CAM5 
Community Earth 

System Model 

Contributors 
30 lev, 0.9°x1.25° 60 lev, 1.1°-0.27°  1 3 Neale et al., 2010 

HadGEM2-ES 
Met Office Hadley 

Centre* 
38 lev, 1.2°x1.9° 40 lev, 0.3°-1° 1 4 Jones et al. 2011 

* additional HadGEM2-ES realizations contributed by Instituto Nacional de Pesquisas Espaciais 
 

Table 2. Global annual mean CHBr3, CH2Br2 and CH3I emissions calculated with the 

historical MPI-ESM-LR, CESM1-CAM5 and HadGEM2-ES model as well as with the ERA-

Interim dataset in Gmol (Br/I) yr
-1

 for the time period 1979-2005. 

compound  ERA-Interim MPI-ESM-LR CESM1-CAM5 HadGEM2-ES 

CHBr3 2.50 2.46 2.33 2.09 

CH2Br2 0.98 0.94 0.98 0.89 

CH3I 1.45 1.46 1.48 1.28 
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Table 3. Percentage increase per year of the linear regressions 

determined for the historical emission time series using the MPI-

ESM-LR, CESM1-CAM5 and HadGEM2-ES model output fields over 

the time period 1979-2005 as well as for the ERA-Interim emissions 

(based on the 6 hourly mean input parameters). 

CHBr3            

[% yr-1] 
CH2Br2           

[% yr-1] 
CH3I              

[% yr-1] 

MPI-ESM-LR 0.13 0.15 0.07 

CESM1-CAM5 0.09 0.14 0.04 

HadGEM2-ES 0.21 0.17 0.08 

ERA-Interim 0.14 0.16 0.11 

Table 4. Percentage increases of future global VSLS emissions from 

the years 1986-2005 (historical) to the years 2081-2100 (a) RCP 2.6 

and b) RCP 8.5 scenario). 

a) MPI-ESM-LR HadGEM2-ES CESM1-CAM5 

CHBr3 5.7 9.4 12.0 

CH2Br2 3.9 7.1 8.2 

CH3I 1.2 1.5 1.9 

b) 
   

CHBr3 25.9 31.1 31.3 

CH2Br2 21.7 23.9 24.3 

CH3I 5.9 4.8 5.8 



 

 

Table 5. Spatial distribution of CHBr3, CH2Br2 and CH3I emissions calculated with the MPI-ESM-LR, CESM1-CAM5 and HadGEM2-ES model output fields for the years 1986-2005 (a) 

historical) and the years 2081-2100 (b) the RCP 2.6 scenario and c) the RCP 8.5 scenario) for different latitudinal bands, expressed as percentage. 

CHBr3  CH2Br2 CH3I 

a) historical MPI-ESM-LR HadGEM2-ES CESM1-CAM5   MPI-ESM-LR HadGEM2-ES CESM1-CAM5   MPI-ESM-LR HadGEM2-ES CESM1-CAM5 

50°N-90°N 16.08 14.85 17.17 
 

-3.05 -2.42 -2.49 
 

7.10 6.82 7.20 

20°N-50°N 21.33 17.01 18.72 
 

19.88 18.46 18.35 
 

16.50 14.87 15.77 

20°N-20°S 46.99 50.00 49.16 
 

42.71 44.10 44.19 
 

30.10 32.17 31.55 

20°S-50°S 17.51 18.75 18.85 
 

20.94 20.84 20.76 
 

37.90 37.34 36.70 

50°S-90°S -1.93 -0.72 -3.90 
 

19.52 19.02 19.19 
 

8.40 8.79 8.77 

b) 2.6 Scenario                       

50°N-90°N 16.33 14.64 16.92 
 

-2.42 -2.43 -1.89 
 

7.11 6.64 7.30 

20°N-50°N 21.13 18.02 19.11 
 

19.79 16.62 18.53 
 

16.40 15.07 15.77 

20°N-20°S 46.26 48.62 46.51 
 

42.36 43.69 41.99 
 

30.19 32.24 31.24 

20°S-50°S 17.65 18.66 18.97 
 

21.31 21.07 21.32 
 

38.02 37.21 36.78 

50°S-90°S -1.38 0.08 -1.51 
 

18.96 21.06 20.06 
 

8.27 8.84 8.91 

c) 8.5 Scenario                       

50°N-90°N 16.24 15.49 16.17 
 

-1.08 -0.79 -1.14 
 

7.11 6.83 7.23 

20°N-50°N 21.40 17.96 18.94 
 

19.26 16.10 17.79 
 

16.18 14.72 15.56 

20°N-20°S 44.65 45.19 44.46 
 

40.57 40.24 39.77 
 

30.56 32.02 31.52 

20°S-50°S 17.82 18.56 18.87 
 

21.40 21.36 21.48 
 

37.20 36.79 36.25 

50°S-90°S -0.11 2.83 1.56 
 

19.86 23.10 22.10 
 

8.97 9.42 9.41 
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Abstract 

The comparison of the Ozone Depletion Potential (ODP)-weighted emissions of short and long-lived 

halocarbons provides a new concept for assessing the overall impact of oceanic bromine emissions 

on stratospheric ozone depletion. Seasonally and spatially dependent distributions are derived 

exemplary for CHBr3. ODP-weighted emissions of CHBr3 amount up to 50% of ODP-weighted 

anthropogenic emissions of CFC-11 and to 9% of all long-lived ozone depleting substances. CHBr3 

ODP-weighted emissions show pronounced peaks at the equator and the coasts with largest 

contributions from the Maritime Continent and West Pacific. Variations of convective activity lead to 

seasonal shifts in the spatial distribution of the ODP with the updraught mass flux explaining 71% of 

the variance of the ODP distribution. Projections based on mass-flux derived ODP suggest an 80% 

increase of the ODP-weighted CHBr3 emissions until 2100 compared to present values. This increase 

is related to climate change causing larger convective activity and increasing emissions.   

1. Introduction 

The overall abundance of ozone-depleting substances in the atmosphere has been decreasing since 

the beginning of the 21 century as a result of the successful implementation of the 1987 Montreal 

Protocol and its later Adjustments and Amendments (Montzka et al., 2011). In contrast to the long-

lived halocarbons, the so-called Very Short-Lived Substances (VSLS) with chemical lifetimes of less 

than 6 months are not controlled by the Montreal Protocol and are even suggested to increase in the 

future (Hepach et al., 2014). VSLS are known to have large natural sources; however increasing 

evidence arises that their oceanic production and emission is enhanced by anthropogenic activities 

which are expected to increase in the future (Leedham et al., 2013; Ziska et al., in prep.). At present, 

oceanic VSLS provide a significant contribution to the stratospheric bromine budget (Montzka et al., 

2011). In the future, the decline of anthropogenic chlorine and bromine will increase the relative 

impact of oceanic VSLS on stratospheric chemistry. Furthermore, the impacts of climate change on 

surface emissions, troposphere-stratosphere transport and the role of deep convection, 

stratospheric chemistry and residence time will change the role of VSLS (Pyle et al., 2007; Hossaini et 

al., 2012). While stratospheric ozone depletion due to long-lived halocarbons is expected to level off 

and reverse (Austin and Butchart, 2003), it remains an important challenge to assess the role of 

oceanic VSLS on stratospheric ozone in a future changing climate.  

Over the last years there has been increasing evidence from observational (e.g., Dorf et al., 2006, 

Sioris et al., 2006) and modelling (e.g., Warwick et al. 2006, Liang et al., 2010; Tegtmeier et al., 2012) 

studies that VSLS provide a significant contribution to stratospheric total bromine (Bry). Previous 

estimates ranging between 1 and 8 ppt (Montzka et al., 2011) recently seem to converge to a 
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narrower range of 4-6.5 ppt (e.g., Aschmann and Sinnhuber, 2013, Hossaini et al., 2013). The most 

abundant bromine containing VSLS are dibromomethane (CH2Br2) and bromoform (CHBr3) with 

potentially important source regions in tropical, subtropical and shelf waters (Quack et al., 2007). 

The contribution of VSLS to stratospheric bromine in form of source gases or inorganic product gases 

depends strongly on the efficiency of troposphere-stratosphere transport compared to the 

photochemical loss of the source gases and to the wet deposition of the product gases.  

The relative contribution of individual halogens to stratospheric ozone depletion is often quantified 

by the Ozone Depletion Potential (ODP) defined as the time-integrated ozone depletion resulting 

from a unit mass emission of that substance relative to that resulting from a unit mass emission of 

CFC-11 (CCl3F) (Wuebbles, 1983). The ODP is independent of the total amount of the substance 

emitted and describes only the potential and not the actual damaging effect of the substance to the 

ozone layer, The ODP is independent of the total amount of the substance emitted and describes 

only the potential and not the actual damaging effect of the substance to the ozone layer, relative to 

that of CFC-11. While the ODP of long-lived halocarbons is a well-established and extensively used 

measure and plays an important role in the Montreal Protocol for control measures and reporting of 

emissions, the same concept can not easily be applied to VSLS.  Depending on the meteorological 

conditions, only fractions of the originally released VSLS are injected into the stratosphere. As a 

consequence the ODP of a VSLS cannot be given by one number as for long-lived halocarbons but 

needs to be estimated as a function of time and location of emission. So far ODPs of VSLS have been 

estimated based on Eulerian (Wuebbles et al., 2001) and Lagrangian (Brioude et al., 2010; Pisso et al., 

2010) studies, showing strong geographical and seasonal variations, in particular within the tropics. 

The studies demonstrated that the ODPs of VSLS are to a large degree determined by the efficiency 

of vertical transport from the surface to the stratosphere and that uncertainties in the ODPs arise 

mainly from uncertainties associated with the representation of convection.       

Combining the emission strength and the ozone-destroying capabilities in a meaningful way can be 

achieved by calculating the ODP-weighted emissions, which provides a strong metric for the 

contribution of a specific compound to ozone depletion and has been applied to long-lived 

substances such as the CFCs and N2O (e.g., Velders et al., 2007; Ravishankara et al., 2009). For the 

long-lived halocarbons, the global ODP-weighted emissions are calculated as the product of two 

numbers, their mean global emission and their ODP. For the VSLS, however, the concept of ODP-

weighted emissions has not been applied yet and will require weighting the spatially and temporally 

highly variable emissions with the also highly variable ODPs. Such a quantity will provide inside in 

where and when the VSLS are emitted that impact stratospheric ozone.  Furthermore, in a globally 

averaged framework the ODP-weighted emissions will allow to compare the impact of past, present 
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and future long- and short-lived halocarbon emissions. Note that ideally the ODP-weighted emissions 

would be calculated only for the anthropogenic component of the VSLS emissions; however, no such 

estimates are available at the moment.        

Here, we compile the first ODP-weighted emissions of CHBr3 in form of the seasonal and annual 

mean distribution in order to assess the overall impact of oceanic CHBr3 emissions on stratospheric 

ozone. This new approach provides a powerful tool for an assessment of future growing VSLS and 

declining chlorine emissions in form of a direct comparison of the global-averaged ODP-weighted 

emissions of short- and long-lived halocarbons.   

2. Method 

The present-day global emission scenario from Ziska et al. (2013) is a bottom-up estimate of the 

oceanic CHBr3 fluxes. Emissions are estimated using global surface concentration maps generated 

from the atmospheric and oceanic in-situ measurements of the HalOcAt (Halocarbons in the ocean 

and atmosphere) database project (https://halocat.geomar.de). The in-situ measurements for 1989-

2011 were classified based on physical and biogeochemical characteristics of the ocean and 

atmosphere and extrapolated to a global 1°x1° grid with the Ordinary Least Square regression 

technique. Based on the concentration maps the oceanic emissions were calculated with the transfer 

coefficient parameterization of Nightingale et al. (2000) adapted to CHBr3 (Quack and Wallace, 

2003). While the concentration maps represent in a first step climatological fields covering 1989-

2011, the emissions are calculated based on 6-hourly meteorological ERA-Interim data (Dee et al., 

2011) for 1979-2013 assuming constant concentrations over the complete time period. 

Future emission estimates are calculated based on the present day climatological concentration 

maps and future estimates of global sea surface temperature, pressure, winds and salinity (Ziska et 

al., in prep.). The meteorological parameters are model output from the Community Earth System 

Model version 1 - Community Atmospheric Model version 5 (CESM1-CAM5) (Neale et al., 2010) runs 

based on the Representative Concentration Pathways (RCP) 8.5 scenarios conducted within phase 5 

of the Coupled Model Intercomparison Project (CMIP5) (Taylor et al., 2012). Thus the derived 

changes of the future VSLS emissions are only driven by projected changes in the meteorological 

surface parameters, but do not take into account possible changes of the oceanic concentrations 

which will be assessed in follow-up studies. 

ODPs of long-lived halogen compounds can be calculated using atmospheric chemistry-transport 

models or can be estimated by a semi-empirical approach (Solomon et al., 1992). In contrary to the 

long-lived halocarbons, for VSLS the tropospheric transport time scales play a dominant role for the 

calculation of their ODP. Following a method previously developed specifically for VSLS, the ODP of 
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CHBr3 is calculated as a function of location and time of emission based on ERA-Interim driven 

FLEXPART trajectories (Pisso et. al., 2010). Owing to the different timescales and processes in the 

troposphere and stratosphere, the estimates are based on separate ensembles of trajectories 

quantifying the fraction of VSLS reaching the tropopause and their subsequent residence time in the 

stratosphere. 

The concept of ODP-weighted emissions combines information on the emission strength and on the 

relative ozone-destroying capability of a substance. Its application to VSLS has been recently 

rendered possible by the availability of observation-based VSLS emission maps (Ziska et al., 2013). 

We calculate the present-day ODP-weighted emissions for CHBr3 for four months (March, June, 

September and December) from 1999 to 2006 by multiplying the CHBr3 emissions with the ODP at 

each grid point.  

While present day ODP estimates for VSLSs based on ERA-Interim are available (Pisso et al., 2010), so 

far the trajectory-based method has not been applied to future model scenarios due to the lack of 

suitable Lagrangian modeling tools associated with global models. Therefore we attempt to 

determine an ODP proxy easily available from Climate Model output, which can be used to derive 

future estimates of the ODP fields. Due to the pronounced relationship between the ODP and the 

deep convective activity we are able to develop a proxy based on the ERA-Interim convective upward 

mass flux. For the available trajectory-based ODP fields (26 months of data) we determine a 

polynomial fit in a least-square sense to reconstruct the ODP from the convective mass flux fields. 

The fitted ODP fields explain 71% of the variance of the original fields. By applying the polynomial fit 

function to the convective upward mass flux from ERA-Interim and from the CESM1-CAM5 RCP8.5 

runs we estimate observational (1979-2013) as well as model historical (1979-2005) and future 

(2006-2100) ODP fields.     

3. Results  

We will introduce the concept of the ODP-weighted emissions of CHBr3 exemplarily for March 2005 

and discuss how the ODP-weighted emissions of this very short-lived compound compare to those of 

long-lived ODSs. The CHBr3 emissions (Ziska et al., 2013) for March 2005 are shown in Figure 1a with 

highest emissions in coastal regions, in the upwelling equatorial waters and the NH mid-latitude 

Atlantic. Apart from the gradients between coastal, shelf and deep ocean waters the emissions show 

no pronounced longitudinal variations. The potentially damaging effect of CHBr3 on the stratospheric 

ozone layer is displayed in Figure 1b in form of the CHBr3 ODP distribution defined as a function of 

time and location of the emission but independent of its strength. Overall, the ODP of CHBr3 is largest 

in the tropics (tropical ODP belt) and has low values (mostly below 0.1) north and south of 20°. The 
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ODP depends strongly on the efficiency of rapid transport from the surface to the stratosphere which 

is in turn determined by the intensity of high reaching convection. In the NH winter/spring, the 

strongest convection and therefore the highest ODP values of up to 0.85 are found over the 

equatorial West Pacific region (Pisso et al., 2010). In contrast to the CHBr3 emission estimates, the 

ODP shows pronounced longitudinal variations linked to the distribution of convection and low-level 

flow patterns.  

The ODP-weighted CHBr3 emissions for March 2005 are displayed in Figure 1c. While the emissions 

itself describe the strength of the CHBr3 sea-to-air flux, the ODP-weighted emissions cannot be 

interpreted directly as a physical quantity but only relative to ODP-weighted emissions of long-lived 

halocarbons. The spatial distribution of the ODP-weighted emissions combines information on where 

large amounts of CHBr3 are emitted from the ocean and where strong convective transport enables 

CHBr3 to reach the stratosphere. Only for regions where both quantities are large, strong ODP-

weighted emissions will be found, whereas regions with one of the quantities is close to zero will not 

be important, such as the mid-latitude North Atlantic. Negative ODP-weighted emissions occur in 

regions where negative emissions indicate a CHBr3 flux from the atmosphere into the ocean. Since 

negative ODP-weighted emissions are not a meaningful quantity and occur in regions where the ODP 

is small they will not be displayed in the following figures and are not taken into account for the 

calculations of the global mean values. The ODP-weighted emissions are in general largest between 

20°S and 20°N (72% of the overall global amount) as a result of the tropical ODP belt and peak at the 

equator and coasts as a result of the emission distribution. Of particular importance for the 

stratospheric ozone chemistry are emissions from the Maritime Continent (South-East Asia), the 

tropical Pacific and the Indian Ocean.   

The global annual mean ODP-weighted emissions of CHBr3 are about 41 GgCFC-11-eq/year for 2005 

(Figure 1d). The concept of ODP-weighted emissions becomes particularly useful when comparing 

this quantity for CHBr3 with the ones of human-made halocarbons. For the year 2005, ODP-weighted 

emissions of CHBr3 amount up to 50% of the ODP-weighted emissions of CH3Br (natural and 

anthropogenic), of CFC-11, or of CFC-12 and are of similar magnitude as the ODP-weighted emissions 

of CCl4 and the individual halons. While the ODP of CHBr3 exceeds the value of 0.5 only in less than 

10% over the globe, the relatively large CHBr3 emissions make up for the mostly small ODP. Current 

estimates of global CHBr3 emissions range between 249 Gg/year and 864 Gg/year (Ziska et al., 2013 

and references therein). Even the lower boundary of this range, which is at the same time the 

emission inventory used in this study, exceeds the combined emissions of the most abundant CFCs. 

Still more important than the overall CHBr3 emission strength is the fact that emission and ODP show 

the same latitudinal gradients with both fields having higher values at the low latitudes. This spatial 
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coincidence of large sources and efficient transport causes the relatively large global mean value of 

CHBr3 ODP-weighted emissions.   

The CHBr3 ODP-weighted emissions vary with season as demonstrated in Figure 2a for June and 

December 2001. In the NH summer 57% of the ODP-weighted emissions stem from the NH tropical 

belt (30°N-0°N) with largest contributions from the Maritime Continent and Asian coastal areas. In 

the NH winter, the ODP-weighted emissions shift to the SH tropical belt (48%) with strongest 

contributions from the equatorial upwelling in the West Pacific. While the Maritime Continent is an 

important source region all-year around, emissions from the southern coast line of Asia during NH 

winter are not important for stratospheric ozone depletion. The emissions reveal slight seasonal 

variations (not shown here) due to varying surface wind and temperature; however, it is the 

seasonality of the ODP (Figure 2b) that causes the pronounced shift of the ODP-weighted emissions 

from one hemisphere to the other. The ODP distributions for the months June and December 2001 

have their maxima between 0°N and 20°N for the NH summer and 5°N and 15°S for the NH winter 

consistent with the main patterns of tropical convection.  

A detailed picture of the high reaching convective activities within these two months is given in 

Figure 2c in form of the ERA-Interim monthly mean updraught mass flux between 250 and 80 hPa. 

The rapid updraughts transporting air masses from the boundary layer into the tropical tropopause 

layer (TTL) are part of the ascending branch of the tropospheric circulation constituted by the 

position of the intertropical convergence zone (ITCZ). The updraught convective mass fluxes are 

largest in and near the summer monsoon driven circulations close to the equator. Over the West 

Pacific and Maritime Continent the region of intense convection is quite broad compared to the 

other ocean basins due to strong monsoon flow and the oceanic warm pool. In addition to the overall 

annual north-south migration pattern, large seasonal changes of the updraught mass flux can be 

observed over South America and the Maritime Continent consistent with the climatological 

distribution of the ITCZ. The obvious strong correlations of the CHBr3 ODP and the TTL convective 

mass flux indicate that variations in chemistry or stratospheric residence time do not have a strong 

impact on the ODP variability. Based on the polynomial fit determined between the updraught mass 

flux and the trajectory-derived ODP we calculate ERA-Interim mass flux-derived ODP estimates 

(Figure 2d) which explain 76% and 81% of the variance of the original trajectory-based ODP fields 

(Figure 2b). Largest disagreement is found over South America; however, the CHBr3 ODP values over 

the continents are not important due to the very low to non-existent emissions over land and are not 

used in our study. The ODP proxy provides a cost-efficient method to derive ODP fields for past (ERA-

Interim) and future (climate model output) meteorological conditions.    
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The global mean CHBr3 ODP-weighted emissions are compared for the trajectory- and mass flux-

derived ODP fields for the years 1999-2006 (black and green line in Figure 3a). While individual 

months can show strong deviations (e.g., for December 1999 the mass-flux derived ODP-weighted 

emissions are about 30% smaller), there is an overall good agreement between the two time series. 

In particular, the pronounced seasonal cycle with maximum values in the NH summer and autumn is 

captured by both methods. In addition to ODP-weighted emissions based on the Reanalysis data 

(observation-derived), we calculate the same quantity from the CESM1-CAM5 historical model run 

(red line in Figure 3a). The model-derived ODP-weighted emissions show slightly larger deviations 

than the two observation-derived time series among themselves. However, the overall magnitude as 

well as the phase and amplitude of the seasonal cycle are reasonably well captured by the model 

indicating the meteorological surface variables (in order to derive the model-based emissions) as well 

as the convective mass flux (in order to derive the model-based ODP) are realistic. Recent 

improvements have been reported in the regional cloud representation in the deep convective 

tropical Pacific (Kay et al., 2012) and in the parameterization of deep convection and ENSO 

simulation (Neale et al., 2008). 

The comparison of the annual mean time series of the mass-flux derived ODP-weighted emissions 

(Figure 3b) for 1979-2013 (observations) and 1979-2005 (model) shows an offset with the model 

results being about 12% smaller but give similar interannual variations for some years. The offset 

between the observational and model-derived long term mean of the ODP-weighted emissions stems 

mostly from less deep convective activity in the model. Future estimates of the CHBr3 ODP-weighted 

emissions are calculated based on the meteorological surface variables and convective mass flux 

from the CESM1-CAM5, RCP8.5 runs (Figure 3b). Note that there is an offset in 2005/2006 between 

the ODP-weighted CHBr3 emissions based on the historical and future runs of about 14%. If both 

quantities, emissions and ODP, are based on the future model predictions (red line), strong 

interannual variations of up to 20% occur. Overall, in the scenario the ODP-weighted emissions 

increase steadily until 2100 by nearly 80% of the 2006-2015 mean value. This increase is driven by 

increasing emissions and increasing convective transport as evident from sensitivity studies where 

one of the two parameters is kept constant at the 2006-2015 mean value. If the ODP is kept constant 

(light grey) the weighted emissions increase by 17% and if the emissions are kept constant (dark 

grey) they increase by 40%. In addition to the stronger increase the ODP cause the pronounced 

interannual variations. Note that for the RCP2.6 scenario only a moderate increase of around 15% is 

predicted. 

The comparison of the model-derived CHBr3 ODP-weighted emissions with the ones of other long-

lived substances shows that CHBr3 emissions can be expected to have a larger impact on 
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stratospheric ozone than all other individual gases except for CH3Br after approximately 2025 except 

for ODP-weighted emissions of anthropogenic N2O (Ravishankara et al., 2009) not shown in our plot. 

The CH3Br emission scenario suggests constant emissions from natural and anthropogenic sources. 

Taking into account possible changes in anthropogenic CH3Br emissions and in oceanic CHBr3 

production would further change the balance between the ODP-weighted emissions of these two 

gases.            

4. Summary and Discussion 

The ODP-weighted emissions of CHBr3 give a detailed picture on where and when oceanic CHBr3 

emissions take place that will later impact stratospheric ozone. Furthermore, they provide a useful 

tool of comparing the emission strength of CHBr3 with the ones of long-lived anthropogenic gases in 

an ozone depletion framework. Since currently no information is available on the strength of 

anthropogenic VSLS emissions, the ODP concept is applied to the complete emission budget. While 

the ODP-weighted emissions are an important step towards assessing the current and future effects 

of VSLS on the ozone layer, one needs to keep in mind that the absolute values are subject of large 

uncertainties arising from uncertainties in the emission inventories and in the parameterization of 

the convective transport. This sensitivity is demonstrated by applying the ODP fields calculated from 

FLEXPART trajectories without convective parameterization (Pisso et al., 2010) which results in 

roughly 50% lower global mean ODP-weighted emissions. Additionally, uncertainties may arise from 

the simplified tropospheric and stratospheric chemistry schemes. Further detailed studies including 

different convective parameterization schemes, more detailed representation of tropospheric 

chemistry, product gas impacts and various emission inventories are required in order to obtain 

reliable uncertainty ranges which need to be included in any communication of ODPs to policy 

makers.      

Future ODP-weighted emission estimates have been derived taking into account changing 

meteorological surface parameters and changing convective activity, but neglecting changes in 

tropospheric and stratospheric chemistry (including changes of the alpha value of bromine) and 

stratospheric residence time. While our methodology is somewhat limited by these simplifications, 

CHBr3 delivery from the surface to the tropopause in a future changing climate is expected to be 

mostly related to changes in transport rather than changes in the chemistry (Hossaini et al., 2013) 

suggesting that we include the important processes. Furthermore, we do not account for changes in 

oceanic sources which are not well enough understood yet to derive future estimates. While there 

are discrepancies between the observation and model derived present estimates, our focus is on the 

future projections which suggest an 80% increase of the ODP-weighted CHBr3 emissions until 2100 
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for the RCP8.5 scenario. Given the decreasing chlorine levels such significant anthropogenically 

driven increase will make CHBr3 an important ozone destroying substance.        
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Figure 1. CHBr3 emissions (a), ODP (b) and the ODP-weighted emissions (c) are given for March 2005. A 

comparison of the global annual mean ODP-weighted emissions of CHBr3 and long-lived halocarbons is shown 
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for 2005 (d). Emissions of long-lived halocarbons being derived from NOAA and AGAGE global sampling 

network measurements (Montzka et al., 2011). 

  

 

 

Figure 2. ODP-weighted emissions (a) calculated as the product of the emissions maps (not show here) and the 

trajectory-based ODP fields (b) are displayed for June and December 2001. The monthly mean ERA-Interim 

updraught mass flux between 250 and 80 hPa (c) and the mass flux-derived ODP (d) are also shown. 
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Figure 3. Time series of CHBr3 ODP-weighted emissions based on ERA-Interim (black and green line) and on 

historical and future (RCP 8.5 scenario) CESM1-CAM5 runs (red lines) are shown (a and b). Additionally, the 

future time series are displayed for either constant (2006-2015 mean value) ODP (light grey) or constant 

emissions (dark grey). Future ODP-weighted emission estimates for long-lived halocarbons (halons: halon 1211, 

1301, 2402; HCFCs: HCFC-22, -141, -142) are shown (c). 
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VI.  Conclusions and future perspectives 

The objectives of this thesis were to reduce the uncertainties in global emission estimates of CHBr3, 

CH2Br2 and CH3I on basis of a novel halocarbon database and in their impact on stratospheric 

bromine and iodine loading for the past and future (Figure III–12) and they were summarized in six 

research tasks in section III.6. Each task has been carefully processed and the results have been 

evaluated with recent results in the literature. The six research tasks were addressed in seven 

manuscripts and will be discussed in the below paragraphs. The first manuscript presents the basis of 

the following manuscripts. 

 

1. Compilation of the global data base HalOcAt based on existing air and sea water 

measurements of halogenated compounds  

The novel HalOcAt (Halocarbons in the Ocean and Atmosphere database project) database was 

initiated in June 2009 with about 200 contributions adding up to in total 554000 oceanic and 47600 

atmospheric measurements of 19 different halogenated compounds (Figure VI–1) covering the  time 

period of 1989-2011. The majority of the submitted data is atmospheric data taken from land based 

stations (mostly coastal), from airborne missions and research cruises. 

Figure VI – 1. Number of halocarbons measurements in the ocean (red) and atmosphere (blue) included in 

the HalOcAt database (August 2012). 

The data is available online for the research community (https://halocat.geomar.de/). The database 

is a useful source for the comparison of individual data sets and a tool to predict surface ocean/lower 

atmosphere halocarbon concentrations and fluxes.  

Important contributions of air and water measurements in the tropical oligotrophic ocean and 

upwelling region to the HalOcAt database have been provided in the sixth manuscript “Drivers of diel 

and regional variations of halocarbon emissions from the tropical North East Atlantic” and in the 

seventh manuscript “Impact of the marine atmospheric boundary layer conditions on VSLS 

abundances in the eastern tropical and subtropical North Atlantic Ocean” (Supplement).  
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2. Production of best estimates of sea-to-air flux climatologies from a bottom-up approach of 

three important short-lived halocarbons CHBr3, CH2Br2 and CH3I based on HalOcAt 

The first global bottom-up emission inventory based on the so far most comprehensive available 

dataset has been determined and made publicly available. Based on the HalOcAt database, global 

marine and atmospheric surface maps of bromoform (CHBr3), dibromomethane (CH2Br2) and methyl 

iodide (CH3I) concentrations were calculated in order to finally derive global sea-to-air flux estimates 

from a bottom-up approach. Due to low data density, the challenge was to find the best and most 

realistic way for inter- and extrapolation. Therefore, a new method was developed to fill the missing 

data in the global grid, combining extrapolation and classification techniques, by taking into account 

the biogeochemical character and distribution of the compound of interest. Note that this method 

can also be applied to other trace gases (e.g., N2O or CH4).   

First, the data were interpolated onto a 1°x1° grid, while missing grid values were interpolated with 

latitudinal and longitudinal dependent regression techniques reflecting the distribution of the VSLS. 

Resulting from this, global sea-to-air fluxes were calculated using physical forcing fields with a high 

temporal resolution of 6 hours. Based on these calculations a total global flux of (Robust Fit/ 

Ordinary Least Square regression techniques) of 1.5/ 2.5 Gmol Br yr-1
 for CHBr3,                                        

0.78/ 0.98 Gmol Br yr-1
 for CH2Br2 and 1.24/ 1.45 Gmol I yr-1 for CH3I was derived. Contrary to recent 

studies, negative fluxes (flux into the ocean) occurred in each sea-to-air flux climatology, mainly in 

the Arctic (for CH2Br2) and in the Antarctic (for CHBr3) region. "Hot spots" of CHBr3 and CH2Br2 

emissions are located in the equatorial belt, whereas CH3I emissions are enhanced in the subtropical 

gyre regions. The seasonal variation of the global climatological flux (9-21 %) of the three compounds 

is larger than the inter-annual variability, which is generally less than 5 %. Compared to earlier 

studies, our global fluxes are at the lower end of estimates, especially for CHBr3. A possible 

explanation might be the underrepresentation of coastal emissions and of extreme events, which 

cannot be resolved for the 1°x1° resolution. Additionally, a sensitivity study which demonstrates the 

changes of each input parameter (U, SST, SLP, SSS) onto the VSLS air-sea flux calculation, shows that 

the parameters U and SST have the strongest influence on the determination of global halogenated 

emissions. The results show that marginal changes of the input parameters can lead to variation of 

the global flux estimate. 

 

3. Contribution of CHBr3 and CH2Br2 to the stratospheric bromine (Bry) budget based on global 

emission inventories – a sensitivity study 

The global bottom-up estimates derived from the first manuscript (Ziska et al., 2013) improves the 

quantification of the impact of brominated VSLS on the stratospheric Bry budget.  

Three different top-down estimates and one bottom-up emission scenario were evaluated in a model 

sensitivity study using a combination of long-term ground-based observations and aircraft 
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observations. Further, the different emission estimates were used as input layer for a CTM to 

simulate stratospheric bromine loading.  

The global emission inventories of CHBr3 and CH2Br2 vary significantly. Zonal averages of the four 

global emission source strengths revealed that Ziska et al. (2013) show enhanced emission values in 

the Arctic (for CHBr3) and Antarctic (for CH2Br2) which are not seen in the three top-down emissions. 

Ziska et al. (2013) is at the lower end of published halocarbon emission estimates and shows the best 

agreement with CHBr3 atmospheric surface observations in the tropics, but a general overestimation 

of CH2Br2.  

The aircraft measurements in the tropical Western Pacific, which is identified as a region where VSLS 

emissions can be efficiently transported to the TTL (Aschmann et al., 2009), were well reproduced by 

the model using the emission inventory of Ziska et al. (2013). Opposed to two of the other estimates, 

the Ziska et al. (2013) included local measurements in that area. This indicates the need for more 

observations of VSLS in the ocean and atmosphere at a finer spatial grid in order to improve current 

regional VSLS emission estimates. 

Furthermore, an optimized estimate of stratospheric bromine contribution of ~4 ppt was created as a 

combination of the CHBr3 sea-to-air fluxes from Ziska et al. (2013) and top down CH2Br2 emissions 

derived from Liang et al. (2010). The bottom-up Ziska et al. (2013) estimate is the current most 

detailed global emission estimate and serves as an important basis for the model community. 

 

4. Calculation of iodine transport from the tropical surface ocean into the stratosphere based on 

global CH3I sea-to-air fluxes  

For the first time, the stratospheric iodine loading from CH3I was modeled using the Langrangian 

model FLEXPART. A major uncertainty for the quantification of the stratospheric iodine budget is the 

insufficient knowledge of the amount of direct CH3I entrainment into the stratosphere and the 

atmospheric lifetime of inorganic iodine. The results of the third manuscript indicate that iodine in 

form of CH3I is not transported in significant amounts into the stratosphere on a global scale but on a 

regional scale. Using the global (tropical) emission inventory of Ziska et al. (2013) (30°N–30°S), the 

averaged CH3I entrainment above 17 km height is about 0.04 ppt which is in agreement to the 

estimates of  Montzka and Reimann (2011). However, strong vertical transport combined with 

enhanced local emission peaks which were found in the West Pacific could lead to a significant CH3I 

entrainment of ~0.6 ppt. Ziska et al. (2013) do not include terrestrial sources, hence the ocean is the 

single source of CH3I. This study identified the need for high-reaching aircraft campaigns in the West 

Pacific.  
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5. Estimating CHBr3, CH2Br2 and CH3I emissions in a future changing environment 

For the first time the effect of climate change on the oceanic emissions of CHBr3, CH2Br2 and CH3I was 

analyzed. Based on the global oceanic and atmospheric concentrations from Ziska et al. (2013) and 

the future modeled output fields of U, SST, SLP and SSS from three CMIP 5 (fifth phase of the Climate 

Model Intercomparison Project) models past and future sea-to-air fluxes of CHBr3, CH2Br2 and CH3I 

were determined. Therefore, the output fields from the historical scenario and the RCP scenarios 2.6 

and 8.5 of the models CESM1-CAM5, MPI-ESM-LR and HadGEM2-ES for the time period 1979-2100 

were compared and used for emission calculations. The modeled sea-to-air fluxes generally increase 

during the 21th century. The global emissions of the halogenated compounds rise between 9.0 % and 

29.4 % for the RCP 2.6, respectively 8.5 scenarios for CHBr3 between the time periods 1986-2005 and 

2081-2100. The future CH2Br2 emissions increase from 6.4 % to 23.3 % and from 1.5% to 5.5 % for 

CH3I. The emissions based on the historical model runs of CESM1-CAM5 and MPI-ESM-LR (1979-

2005) agree well with the emissions based on ERA-Interim data, while emissions based on the 

HadGEM2-ES model are much lower. The different temporal resolutions of input parameters of the 

ERA-Interim (6 hourly averaged) and the CMIP 5 models (monthly averaged) might be the reason for 

this discrepancy. Scaling the ERA-Interim input parameters from 6 hourly to monthly averages 

reduces the global halogenated emissions by about 11 %. Consequently, the emission estimates 

based on monthly mean meteorological fields from the three models are likely about 11 % too low. 

Compared to the ERA-Interim data set, the MPI-ESM-LR and CESM1-CAM5 models show higher 

global and regional winds, a fact which seems to compensate the bias introduced by the monthly 

resolution of the input fields. For eliminating the averaging bias, a higher temporal resolution of 

model output fields is needed. The role of oceanic productivity under ongoing environmental 

changes is not considered in the future emission estimations.  

 

6. Determination of future impact of CHBr3 on stratospheric ozone  

Historical (1979-2005) and future (2006-2100) CHBr3 ODP-weighted emissions were calculated based 

on the meteorological surface parameters and convective mass flux from the CESM1-CAM5, RCP 8.5 

runs. The historical CHBr3 ODP-weighted emissions showed an offset of 12 % to the ERA-Interim 

derived ODP, but gave similar inter-annual variation for some years. In the scenario, the CHBr3 ODP-

emissions increased steadily until 2100 by 80 %. The increase is driven by the increase of global CHBr3 

emissions and an increase of convective transport. Compared to longer-lived substances (e.g. CCl4) 

CHBr3 emissions can be expected to have a larger impact on stratospheric ozone in the future. 

While changes in tropospheric and stratospheric chemistry, stratospheric residence time and 

changes in oceanic sources are neglected, earlier study results showed that future climate 
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differences are expected to be mostly related to changes in transport rather than changes in the 

chemistry. 

With the obtained knowledge of the manuscripts, Figure III–12 can be filled with additional 

information (red highlighted).  

 

Figure V – 2. Same schemata as in Figure III–12 updated with the findings of the five manuscripts. Each result 

is afflicted with a certain uncertainty. Some question marks still exist and will be discussed in the text.   
+
Total (including sources and sinks) global emission estimates based on the OLS regression technique 

++
Percentage increases of future global VSLS emission from the year 1986–2005 to 2081–2100. The first number illustrates the low 

scenario and the second the extreme scenario. The numbers are an average of the three future model results. 

*Ozone depleting emissions of CHBr3 increase steadily until 2100 by nearly 80% of the 2006-2015 (mean value). 

 

The results of the manuscripts have closed gaps in the existing knowledge about past and future VSLS 

emission estimates as well as their stratospheric bromine and iodine loading, but there are still open 

questions, e.g. in the future stratospheric impact of CH2Br2 and CH3I (Figure V–2). The findings 

illustrated that the uncertainties in the results of the research tasks are limited by the accuracy of the 

emission scenarios. The bottom-up estimates from Ziska et al. (2013) are a respectable  and useful 

beginning for global VSLS emission estimates, but the following next steps have to be done to 

improve the global emission scenarios and their impact on stratospheric bromine and iodine loading 

in a past and future environment: 

- Migration of the MS EXCEL based HalOcAt database to a SQL database for easier usage 

- Increasing the temporal (monthly) and spatial resolution (especially in the polar zones) of the 

dataset by collecting more measurements into the HalOcAt database in order to update the 
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bottom-up emission estimates and to determine seasonal climatologically concentration 

fields 

- Identification of a robust criterion for quality check and data selection of the HalOcAt data as 

well as an overall quality and intercalibration control 

- Reducing the grid size of the inventories to represent the coastline better 

- Including the changes of oceanic productivity under ongoing environmental changes in the 

future emission estimations 

 

The VSLS emissions and the global ocean concentration and atmospheric mixing ratio maps 

(determined in the first manuscript (Ziska et al., 2013)) are used in further calculations in different 

institutes and working groups (e.g. Max-Planck Institute in Hamburg, Germany; Karlsruher Institute 

for Technology, Germany; Helmholtz Centre for Ocean Research, GEOMAR in Kiel, Germany; 

University of Leeds, Great Britain; University of York, Great Britain). Future cooperation’s will focus 

on the comparison of the projected  future VSLS emission scenarios and other models, currently 

under development, including changes in ocean production and their future impact on VSLS 

concentrations and emissions and the  impact on  ozone destruction in the stratosphere. It is further 

necessary to reduce the uncertainties in process understanding such as decoding the production and 

destruction pathways for the three VSLS in the ocean. This should be done by well-planned in situ 

studies in different environments, thorough evaluation of existing cruise data and developing 

incubation experiments. Further, the knowledge (technical implementation) and understanding of 

the air-sea gas exchange parameterization for halogenated compounds have to be progressed. Time 

series including depth profiles in different ocean basins and productive areas, atmospheric 

measurements (aircraft campaigns) as well as additional parameters (Chl a, SST, U, SLP, SSS, pH, 

pigments, phytoplankton groups, production rates, radio sounds) will help to understand the 

variability of the ocean and its emission  of VSLS to the atmosphere.  
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VIII. Abbreviatons 

BMBF German Federal Ministry of Education and Research 

Br- Bromide  

BrCl Bromine monochloride 

BrO Bromine oxide  

BrONO2 Bromine nitrate 

Bry Inorganic bromine 

C2Cl4 Tetrachloroethylene 

C2H5Br Bromoethane 

C2H5I Ethyl iodide 

C2HCl3 Trichloroethylene 

C3H7I Propyl iodide 

C4H9I 2-iodo-2-methylpropane 

Ca measured concentration at gas phase 

CBr2O Carbonyl bromide 

CCM Chemical climate model 

CFC Chlorofluorocarbons 

CH2Br2 Dibromomethane 

CH2BrCl Dibromochloromethane 

CH2Cl2 Dichloromethane 

CH2I2 Diiodomethane 

CH2IBr Bromodiiodomethane 

CH2ICl Chloroiodomethane 

CH3 Methyl radical 

CH3B12 Methylcobalamin 

CH3Cl Methyl chloride 
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CH3I Methyl iodide 

CH3O2 Methyldioxy radical 

CH4 Methane 

CHBr2Cl Dibromchloromethane 

CHBr3 Bromoform 

CHBrCl2 Bromodichloromethane 

CHCl3 Chloroform 

CHIBr2 Bromochloroiodomethane 

Chl a Chlorophyll a 

Cl- Chloride 

ClO Chlorine monoxide 

CMIP 5 fifth phase of the Climate Model Intercomparison Project 

CO Carbon monoxide 

CO2 Carbon dioxide 

COO- Carboxylate 

COST European COoperation in Science and Technology 

CPT Cold point tropopause 

CTM Chemical transport model 

Cw measured concentration at the liquid phase  

DMS Dimethylsulfid 

DMSO Dimethylsulfoxid 

DOM Dissolved organic matter 

DU Dobson unit 

F Air-sea flux 

FLEXPART FLEXible PARTicle dispersion model 

GCM General circulation model 
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H Henry’s law constant 

H+ Hydrogen ions 

Halocarbons Halogenated hydrocarbons 

HalOcAt Halocarbons in the Ocean and Atmosphere 

HAMOCC Hamburg ocean carbon cycle model 

HBr Hydrogen bromide 

HO2 Hydroperoxyl radicals 

HOBr Hypobromous acid 

HOCl Hypochlorous acid 

HOI Hypoiodous acid 

H2O2 hydrogen peroxide 

I- Iodide 

IBr Iodine monobromide 

ICI Iodine monochloride 

INO2 Nitryl iodide 

IO3
- Iodate 

IOx Active iodine 

IPPC Intergovernmental Panel of Climate Change 

Iy Inorganic iodine 

K Air-sea gas exchange velocity 

k600 Air-sea gas exchange velocity at Sc=600 

LWR Longwave radiation 

MBL Marine boundary layer 

MIOPM The Max Planck Institute ocean model  

N2O Nitrous oxide 

NH Northern hemisphere 
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NO Nitroc oxide 

NO2 Nitrogen dioxide 

O2 Oxygen 

O3 Ozone 

ODP Tropical tropopause layer 

OH Hydroxyl radicals 

PG(I) Product gases (injection) 

RCP Representative Concentration Pathways 

SAH S-adenosyl-L-homocysteine 

SAM S-adenosyl-L-methionine 

Sc Schmidt number 

SF6 Sulfur hexafluoride 

SG(I) Source gases (injection) 

SH Southern hemisphere 

SHIVA Stratospheric Ozone: Halogen Impacts in a Varying Atmosphere 

SLP Sea level pressure 

SOI Soluble organic iodine 

SOLAS Surface Ocean and Lower Atmosphere Study 

SOPRAN Surface Ocean PRocesses in the ANthropocene 

SSS Sea surface salinity 

SST Sea surface temperature 

SWR Short wave radiation 

TransBrom 
Very short lived bromine compounds in the ocean and their transport 
pathways into the stratosphere 

TTL Tropical tropopause layer 

U Sea surface wind speed 

UV Ultra violet  
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VSLS Very short lived substances 

zo level of clear-sky zero radiative heating 
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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.

Published by Copernicus Publications on behalf of the European Geosciences Union.
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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 RV Poseidon in 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

RVPoseidon took 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

Atmos. Chem. Phys., 14, 1255–1275, 2014 www.atmos-chem-phys.net/14/1255/2014/
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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 RV Poseidon in 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 chlorophyll c1, c2 and c3, divinyl chlorophyll b,

chlorophyll b, divinyl chlorophyll a, and phaeophytin a.

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, and β-

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

Synechococcus at the AWI according to Taylor et al. (2011).

Potential cell loss associated with the sample fixation has not

been taken into account.

www.atmos-chem-phys.net/14/1255/2014/ Atmos. Chem. Phys., 14, 1255–1275, 2014
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Table 1. Means and ranges (minimum – maximum) of ambient parameters (SST, salinity, Chl a, 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 coefficients kw derived

with the transfer coefficient kCO2 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 constants H of Moore and co-

workers (Moore et al., 1995a, b) to obtain the theoretical

equilibrium concentration catm / H .

F = kw ·

(

cw −
catm

H

)

(2)

The saturation anomaly S 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 Chl a

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 Chl a concentration of 4.80 µg L−1 were found

at the northernmost station (S6), while the overall maxi-

mum Chl a concentration of 8.12 µg L−1 was observed at S5.

MABL heights generally ranged between surface and 400 m
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Fig. 2. SST, salinity and Chl a (a) along with halocarbon concentrations in water and atmospheric mixing ratios of CH3I (b), CHBr3 (c) and

CH2Br2 (d) and pigments significant for the regional distribution of CHBr3 and CH2Br2 (e) during the DRIVE campaign.
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Fig. 3. Open ocean surface water and atmospheric halocarbons during stations S1 and S2 and atmospheric halocarbons measured parallel at

CVAO as well as wind speed (wind speed in a, CH3I in b, CHBr3 in c, and CH2Br2 in d). Wind speed data for 7 and 8 June in 2010 was not

available.

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 1261

00

20002000

40004000

60006000

฀

฀

CHCH33II

0303 0505 0707 0909 1111 1313 15150404 0606 0808 1010 1212 1414
−100−100

00

100100

200200

300300

฀

฀

CHCH22BrBr22

CHBrCHBr33

a)a)

b)b)

Sa
tu

ra
ti

o
n

฀a
n

o
m

al
y฀

[%
]

Sa
tu

ra
ti

o
n

฀a
n

o
m

al
y฀

[%
]

Days฀in฀June฀2010Days฀in฀June฀2010

11 22 33 44 55 66

Fig. 4. Saturation anomalies of CH3I (a) and CHBr3 and CH2Br2

(b) throughout the RV Poseidon cruise.

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 concentration cw 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 coefficients R2 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 with R2 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 (CHBr3) 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 Chl a at the 95 % level with correla-

tion coefficients R2 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 chlorophyll b, chlorophyll c3, fucoxanthin, diatox-

anthin, pyrophaeophorbide a and zeaxanthin were found to

describe the regional distribution of CHBr3 best (Fig. 2e,

Table 3). Chlorophyll b, 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 to Prochloro-

coccus with R2 = 0.39 and R2 = 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
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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 with R2
= 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) and R2 = 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 with R2 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 with p < 0.05.

Station R2 of with F of n

CH3I CHBr3 CH2Br2

Whole cruise
Water conc. 0.37 0.68 0.71

109
Wind speed 0.24 0.14 0.29

S1
Water conc. 0.24 0.66 0.35

18
Wind speed 0.73 0.28 0.21

S2
Water conc. 0.89 0.78 0.64

19
Wind speed 0.00 0.00 0.15

S3
Water conc. 0.67 0.66 0.42

17
Wind speed 0.24 0.21 0.56

S4
Water conc. 0.91 0.60 0.53

17
Wind speed 0.02 0.67 0.93

S5
Water conc. 0.57 0.34 0.09

18
Wind speed 0.02 0.55 0.95

S6
Water conc. 0.79 0.70 0.00

20
Wind 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

Prochlorococcus abundance. In contrast, no outstanding re-

lationship of CH3I with picoplankton including Prochloro-

coccus or the marker pigment divinyl chlorophyll a 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 for kw 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

Chlorophyll b Chlorophytes x x

Chlorophyll c3 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 to Chloro-

phytes and Diatoms while CHBr3 also correlated signifi-

cantly with Cyanobacteria and 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 Chlorophytes and 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, pyrophaeophorbide a 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, CHBr3 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

CHBr3 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 coefficients R2 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. 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/V Po-

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-Brochure V01.30 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

Atmos. Chem. Phys., 13, 6345–6357, 2013 www.atmos-chem-phys.net/13/6345/2013/
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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 quantities g and z are the gravitation acceleration and

the geometric height. θzθz and θs θs are the virtual potential

temperature at the height z and at the surface, and u and v 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 of Ric = 0.25 is chosen as a threshold,

following Sorensen (1998), where RiB ≥ 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 determine RiB for the lower boundary layer.

Therefore we use the subjectively determined boundary layer

height for our investigations and calculate RiB 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−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-

efficient kw and the air–sea concentration gradient 1c (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 determine kw. 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

 

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 Krüger 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 difference 1T (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, until TSAT and TSST stabilize 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 min average measurements of TSAT and TSST [◦C].

The stars indicate position and time of the diurnal stations. Right:

the temperature gradient is given in [K].

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

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

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.

–

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 chlorophyll a)

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

Atmos. Chem. Phys., 13, 6345–6357, 2013 www.atmos-chem-phys.net/13/6345/2013/
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–

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

–

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) includes n = 181 samples for all param-

eters except MABL height (30 samples), open ocean (leg 2, except stations 3–6 and leg 3) includes n = 85 samples for all parameters except

MABL height (15 samples) and coastal stations (stations 3–6) include n = 96 samples for all parameters except MABL height (15 samples).

Bold coefficients have a p 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

 

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
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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 of r = 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 with r = 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 positive 1T 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 difference 1T (TSAT–TSST), cor-

relates with r 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 difference 1T 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, with r = −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 according p 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 gradient 1c 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) includes n = 109 samples for all parameters

except MABL height (21 samples), open ocean (leg 2 except stations 3–6 and leg 3) includes n = 37 samples for all parameters except

MABL height (8 samples) and coastal stations (stations 3–6) include n = 70 samples for all parameters except MABL height (13 samples).

Bold coefficients have a p 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) includes n = 109 samples, open ocean (leg 2 except stations 3–6 and leg 3) includes n = 37 samples and

coastal stations (stations 3–6) include n = 70 samples. Bold coefficients have a p 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 of r =

−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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