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Abstract. Volatile halogenated organic compounds contain-comprising mainly very short-lived species (VSLS) having
ing bromine and iodine, which are naturally produced in thean atmospheric lifetime of less than 0.5 yr, contribute to the
ocean, are involved in ozone depletion in both the tropo-pool of reactive halogen compounds via photochemical de-
sphere and stratosphere. Three prominent compounds transtruction and reaction with hydroxyl radicals (von Glasow,
porting large amounts of marine halogens into the atmo-2008). Deep convection, especially in the tropics, can trans-
sphere are bromoform (CHBy, dibromomethane (CtBry) port VSLS above the tropical tropopause layer (Aschmann et
and methyl iodide (Chl). The input of marine halogens al., 2009; Tegtmeier et al., 2012, 2013) and into the strato-
to the stratosphere has been estimated from observatiorsphere, where they influence stratospheric ozone destruc-
and modelling studies using low-resolution oceanic emis-tion (Salawitch et al., 2005; Sinnhuber et al., 2009). Re-
sion scenarios derived from top-down approaches. In oractive bromine and iodine are more efficient in destroying
der to improve emission inventory estimates, we calculatestratospheric ozone than chlorine (e.g. Chipperfield and Pyle,
data-based high resolution global sea-to-air flux estimates 01998).
these compounds from surface observations within the HalO- The absence of global emission maps of VSLS as input for
cAt (Halocarbons in the Ocean and Atmosphere) databasehemistry transport models and coupled chemistry climate
(https://halocat.geomar.deGlobal maps of marine and at- models is a key problem for determining their role in strato-
mospheric surface concentrations are derived from the datapheric ozone depletion. The most widely reported short-
which are divided into coastal, shelf and open ocean redived halogenated compounds containing bromine in both
gions. Considering physical and biogeochemical characterthe atmosphere and the ocean are bromoform (GH&nd
istics of ocean and atmosphere, the open ocean water ardlbromomethane (C4Br2). Together, they may contribute
atmosphere data are classified into 21 regions. The avail= 15-40 % to stratospheric bromine (Montzka and Reimann,
able data are interpolated onto @x.1° grid while missing  2011), with CHBg considered to be the largest single source
grid values are interpolated with latitudinal and longitudinal of organic bromine (Penkett et al., 1985) to the atmosphere.
dependent regression techniques reflecting the compound#s production involves marine organisms such as macroalgae
distributions. With the generated surface concentration cli-and phytoplankton (Gschwend et al., 1985; Nightingale et al.,
matologies for the ocean and atmosphere, global sea-to-ait995; Carpenter and Liss, 2000; Quack et al., 20043}
concentration gradients and sea-to-air fluxes are calculateds formed in parallel with biological production of CHBmn
Based on these calculations we estimate a total global fluseawater (Manley et al., 1992; Tokarczyk and Moore, 1994)
of 1.5/2.5 Gmol Bryr? for CHBrs, 0.78/0.98 Gmol Bryr?! and, therefore, generally correlates with oceanic and atmo-
for CHoBr» and 1.24/1.45Gmol Bryrt for CHasl (robust  spheric bromoform (e.g. Yokouchi et al., 2005; O’Brien et
fit/ordinary least squares regression techniques). Contrary tal., 2009), although it occasionally shows a different pat-
recent studies, negative fluxes occur in each sea-to-air fluxern in the deeper ocean indicating its different cycling in
climatology, mainly in the Arctic and Antarctic regions. “Hot the marine environment (Quack et al., 2007). Large vari-
spots” for global polybromomethane emissions are locatedhbility in the CHBro: CHBr3 ratio has been observed in
in the equatorial region, whereas methyl iodide emissionssea water and atmosphere, while elevated concentrations of
are enhanced in the subtropical gyre regions. Inter-annuaboth compounds in air and water are found in coastal re-
and seasonal variation is contained within our flux calcula-gions, close to macroalgae and around islands, as well as in
tions for all three compounds. Compared to earlier studiespceanic upwelling areas (Yokouchi et al., 1997, 2005; Car-
our global fluxes are at the lower end of estimates, especiallpenter and Liss, 2000; Quack and Wallace, 2003; Quack et
for bromoform. An under-representation of coastal emissionsal., 2007). Seasonal variations have been observed in coastal
and of extreme events in our estimate might explain the mistegions (Archer et al., 2007; Orlikowska and Schulz-Bull,
match between our bottom-up emission estimate and top2009), however the database is insufficient to resolve a global
down approaches. temporal dependence. Anthropogenic sources, such as water
chlorination, are locally significant, but relatively small on
a global scale (Quack and Wallace, 2003). There is uncer-
tainty in the magnitude of the global emission flux, and the
1 Introduction formation processes are poorly known. Recent studies have
revealed a missing source of5 pptv inorganic bromine in
Halogen (fluorine, chlorine, bromine, iodine)-containing the stratosphere, which could possibly be explained by the
volatile organic compounds play an important role in tro- contribution of oceanic VSLS (Sturges et al., 2000; Sinnhu-
pospheric (Vogt et al., 1999; von Glasow et al., 2004) andber and Folkins, 2006; Dorf et al., 2008).
stratospheric chemical cycles (Solomon et al., 1994; Salaw- Atmospheric modelling studies have derived top-down
itch et al., 2005). The ocean is the largest source of natuglobal estimates of between 5.4 and 7 Gmol Brlyfor bro-
ral bromine- and iodine-containing halocarbons (Quack andnoform and between 0.7 and 1.4 Gmol Brirfor dibro-
Wallace, 2003; Butler et al., 2007; Montzka and Reimann,momethane using different atmospheric transport models
2011). When emitted into the atmosphere, these compoundg§Warwick et al., 2006; Kerkweg et al., 2008; Liang et al.,
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2010; Ordonez et al., 2012). Global bottom-up emission esti-calculated with a commonly used sea-to-air flux parameter-
mates based on the interpolation of surface atmospheric anidation applying temporally highly resolved wind speed, sea
oceanic measurements have yielded emission estimates sfirface temperature, salinity and pressure data. The results
between 2.8 and 10.3 Gmol Bryr for CHBr3 and between are compared to estimates of other studies, and the tempo-
0.8 and 3.5 Gmol Bryr! for CH,Br, (Carpenter and Liss, ral and spatial variability of the climatological sea-to-air flux
2000; Yokouchi et al., 2005; Quack and Wallace, 2003; But-are discussed. The aim of this study is to provide improved
ler et al., 2007). Additionally, a parameterization for oceanic global sea-to-air flux maps based on in situ measurements
bromoform concentrations covered by a homogenous atmoand on known physical and biogeochemical characteristics
sphere estimates a flux of 1.45Gmotyrfor CHBr3 be- of the ocean and atmosphere in order to reduce the uncer-
tween 30N and 30 S (Palmer and Reason, 2009). tainties in modelling the contribution of VSLS to the strato-
Methyl iodide is mainly emitted from the ocean and is spheric halogen budget (Hamer et al., 2013; Hossaini et al.,
characterized as a dominant gaseous organic iodine speci@f®13; Tegtmeier et al., 2013).
in the troposphere (Carpenter, 2003; Yokouchi et al., 2008).
This compound is involved in important natural iodine cy-
cles, in several atmospheric processes such as the formg Data

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

been suggested to contribute to stratospheric ozone de Ietd

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

cal concentration and emission maps for the three important

VSLS bromofo_rm, dlbromomgthane and methyl iodide baseds Methodology

on atmospheric and oceanic surface measurements avail-

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

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

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

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

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

Atmos. Chem. Phys., 13, 8918934 2013 www.atmos-chem-phys.net/13/8915/2013/
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additional variables, reasonably reflecting the current knowl-ical processes. Thus, we divide the £€B#, and CHl data
edge about the compounds’ distributions considering differ-between the regions in the same way as we have classified
ent biogeochemical oceanic regions and minimizes the crethe CHBg data. The data density for dibromomethane and
ation of non-causal characteristics. The existing data are inmethyl iodide is equivalent to that of bromoform (Fig. 1).
terpolated onto a®1x 1° grid. The missing grid values are

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

sion techniques. The climatological oceanic and atmospheric

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

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

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

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

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

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

www.atmos-chem-phys.net/13/8915/2013/ Atmos. Chem. Phys., 13, 8®8PER4 2013
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Fig. 2. Latitudinal distribution of open ocean watg) (pmol L~1) and atmospheréb) (ppt) bromoform concentrations (blue circles) clas-
sified in eight different latitudinal bands. The robust fit (RF) (red line) and ordinary least squares (OLS) (black line) regression analyses are
included.

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

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

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

the RF regression is located at the largest data density and

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

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

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

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

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

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

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

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

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

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

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

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

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

Our total open ocean flux of 0.6-0.76 Gmol Br

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

AC [pm:

o

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

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

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

Compound n Median o Minimum Maximum

RF OLS RF OLS RF OLS RF OLS RF OLS

Atmosphere

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

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

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

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

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

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

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

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

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

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

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

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

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

ings of the culture experiments. The bottle experiments of

[Gmol (Br/) yr' ]
]

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

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

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

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

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

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

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

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

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

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

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

cal emission. The climatologies thus include annual, seasonal

[

[mol (Br/l) month ']

5 Variability of the climatological sea-to-air fluxes

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

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

OLS look similar).

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

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

interpolated on a“lx 1° grid. The missing grid values are
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