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Abstract. Production pathways of the prominent volatile or- 1  Introduction
ganic halogen compound methyl iodide (¢lHare not fully
understood. Based on observations, production oIk L . . i
photochemical degradation of organic mateoialia phyto- Methyl |od|_de (Cl—:b’l) IS an organic halogen of natl.”?' orl-
plankton production has been proposed. Additional insightsq'n' FoIIov_vm_g emission from the ocean (or Ia_nd), itis pho-
could not be gained from correlations between observed biomlyzm.j W'.th'n days. into reactive iodine Species that affect
logical and environmental variables or from biogeochemicaltr;e _OX|dat|r\1/e capdacny 0:; the gtmosphelre (e.g., via ozone de-
modeling to identify unambiguously the source of methyl io- P etpn) c amellggi 5\1;1 Davlsl9i%§0 (C):mon et a|-2109094
dide. In this study, we aim to address this question of sourcéQatt'g_an e_t a_l. ; Vogt et al, 9 arpe_zn_te,r 3- .
mechanisms with a three-dimensional global ocean gen_CH3I is ubiquitously detected in water and air in the marine

eral circulation model including biogeochemistry (MPIOM— Iboundary Ia;;ler (ke.g$i|ngh e.t al, 19h83 Hapﬁe" and Wal-
HAMOCC (MPIOM — Max Planck Institute Ocean Model ace 199 Chuck et al. 2005 Smythe-Wright et a).2006

HAMOCC — HAMburg Ocean Carbon Cycle model)) by car- B%utlgr elt al, 2007 F#hlerQgehet 31.2013.' Thedstrgngth Ofd.f
rying out a series of sensitivity experiments. The simulated"® Fl source to the atmosphere Is estimated using two dif-

fields are compared with a newly available global data Set]‘erent methods. It is either derived from extrapolating fluxes

Simulated distribution patterns and emissions ofsCéf- diagnosed from concentrations measured during ship cruises

- . .g.,Moore and Groszko1999 Chuck et al. 2005 But-
fer largely for the two different production pathways. The (e.g :
evaluation of our model results with observations shows thatfr:a?;/;:;gz?)gza\]n?gessoS:caél.i\?\%josizr:ikp?r(i:sl’szegl(zéalg
on the global scale, observed surface concentrations gf CH -
can be best explained by the photochemical production pathff‘r_'the La dcvl&eﬁtd;%g B?{” et al, 2|0§§1Ca|rperr]1_ter200321
way. Our results further emphasize that correlations betweeﬁIC terl and Walflag |4 OE” etg, 'dQ. r_1f_t ('js regard,
CHBzl and abioatic or biotic factors do not necessarily provide Zevera marrllne m:croal gae i ayeh een II entified ag Fmdh
meaningful insights concerning the source of origin. Overall, ucers Gschwend et al1985 Nightingale et al. 1995 Ito

we find a net global annual GHair—sea flux that ranges be- et al, 1997 Giese et al.1999 Carpenter'et 312000, and
tween 70 and 260 GgyF. On the global scale, the ocean 2'€ thought to be the dominant source in the coastal ocean.

acts as a net source of methyl iodide for the atmospherel,n the open ocean, there is evidence of several production

though in some regions in boreal winter, fluxes are of thepathways: production through photochemical degradation of

opposite direction (from the atmosphere to the ocean). S\Zgﬁ‘g"; gggzr (sr'gmgggi abr;/d rﬁg::::g“&g?: (Izlggtn?;t?\ne(-j

Wright et al, 2006 Amachi 2008 Karlsson et al.2008
Brownell et al, 2010, or substitution when dust contacts
seawater containing iodide or when marine water vapor con-
denses on dust containing iodidé&i{liams et al, 2007). A
common method for deducing production pathways is from
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the covariation of CHl concentrations and abiotic and bi- 2013. It is thus still unclear whether surface concentrations
otic proxy parameters. Observed glldoncentrations in sea- might or might not be best explained by direct biological or
water and marine air were correlated with phytoplanktonphotochemical production. In the current study, we use the
biomass $mythe-Wright et a).2006, phytoplankton pig- methyl iodide module within a global oceanic general cir-
ment concentration®\prahamsson et aR004 Chuck et al. culation model, MPIOM-HAMOCCNlarsland et a].2003

2005 Wang et al.2009 Lai et al, 2011), temperatureRas-  llyina et al, 2013, and the global data set of GHobserva-
mussen et al.1982 Happell and Wallacel996 Yokouchi tions iska et al, 2013 to re-address the question of differ-

et al, 200% Chuck et al. 2005 Wang et al. 2009, and  ent CHl production pathways. We also aim to analyze rela-
radiation Happell and Wallace1996 Chuck et al. 2005 tionships between C#l concentrations and biotic as well as
Wang et al. 2009. Most of these studies suggested that abiotic variables in a similar way as is done with field mea-
CHgsl is produced via the biological or photochemical pro- surements, to assess the interpretability of these correlations.
duction pathway. Laboratory studies identify several phyto-Furthermore, we derive sea—air fluxes to investigate possible
plankton species (e.d\itzschia, Phaeocystis, Prochlorococ- differences in CHI emissions due to different sources; the
cus, Synechococcus, Emiliania, Thalassiosira, Phaeodactyresults will be compared with published emission estimates.
lum) (Moore and Tokarczyk1993 Hughes et a). 2006
Smythe-Wright et a).2006 Brownell et al, 2010 Toda and
Itoh, 2011) as CHl producers. Additionally, heterotrophic,
non-photosynthesizing bacterislénley and Dastoorl988
Manley, 1994 Amachi et al, 2001, Fuse et al. 2003

Amachi 2008 decomposing detrital particleslighes etal.  yjethy] jodide modeling was performed with the MPIOM
2008 have been proposed as constituting significant biolog-(MaX Planck Institute Ocean ModelMérsland et al.
ical sources of Chl. The photochemical production path- 2003 ocean general circulation model coupled to the
way has also been observed in laboratory experiments (e.9yapmoCC5.2 Six and Maier-Reimer1994 llyina et al,
Richter and Wallace2004. These methods, i.e., the extrap- 2013 marine carbon cycle model and the gihodule pre-

olation from ship-based measurements to global sources Qfanied inStemmler et al(2013. Methyl iodide cycling in-
emissions, and the extrapolation from laboratory to natural

>, h : o “cludes production, degradation, air-sea gas exchange, dif-
conditions, include inherent uncertainties. On the one hand, it sion and advection. Two production mechanisms are re-
is questionable whether phytoplankton cultivated under laboyq . ed: direct biological production by phytoplankton, and

ratory conditions behaves like in the open ocean. On the othepiochemical production by radical recombination between
hand, measurements from field campaigns only reﬂe(_:tsna_\pmethw groups and iodine atoms. Biological production of
shots, and it is unclear whether they can be used to identifyy,) follows phytoplankton growth using either a constant
possible production pathways. __ orvariable phytoplankton-to-methyl-iodide production ratio.
Numerical models can help to reduce these uncertaintieSppgiochemical production is parameterized linearly to radi-
They can be used to test different findings on production andyion and a dissolved organic carbon concentrationglCH

to extrapolate consistently (based on process parameterizggagradation includes nucleophilic substitution with chloride,
tions) in space and time. Previous mod_el studle_s have beeﬂydrolysis, and photolysis. Degradation processes are de-
conducted, but they also show contradictory evidence of &ineq as first-order kinetics with temperature-dependent
photochemical or direct biological production pathwBgll  ate5 taken from the literatur&lfiott and Rowland 1993
etal.(2002 andYoun et al.(2010 studied CH originating 1995 Rattigan et al.1997. Gas exchange is calculated from
from natural sources using a glqbal atmospheric chemistryine two-film model using an annual mean climatology of at-
transport model coupled to a mixed layer ocean model. Iny,spheric concentrationgigka et al(2013, robust fit inter-

the work ofBell et al.(2002 (and inYoun etal.(2010, who  yqation method, see Se@t3on the data basis), the Schmidt
adopted the same parameterization), model and observation, \per (Moore and Groszkal 999, and a transfer velocity

agreed best when only photochemical sources were consigyjightingale et al.2000. A detailed description of process
ered instead of biological production. In arece”tmc’delSt“dyparameterizations and the chemical properties oIQidn
with a one-dimensional water-column mod&lemmler et al. be found inStemmler et al(2013.

(2013 assessed the relevance of different production path-

ways for representing observed @ltprofiles in the tropi- 2.2 Model setup

cal Atlantic Ocean. The results indicated, in contradBédl

et al. (2002, that production by phytoplankton dominated For this study, MPIOM version 1.5.0 was run at a horizontal
the vertical CHI profile at Cape Verde. Effects of horizon- resolution of approximately 1°5i.e., GR15L40). It uses a
tal and vertical advection, however, were neglected. Previousurvilinear grid, with the North Pole shifted over Greenland.
global model studies were based on relatively few observaThe model resolves 40 vertical levels of varying depths, with
tions, because they could not make use of the recently esa higher resolution in the upper, sun-lit ocean, where primary
tablished global data set for organic halogezdsKa et al, production (PP) takes place.

2 Material and methods

2.1 Model description

Biogeosciences, 11, 4458476 2014 www.biogeosciences.net/11/4459/2014/
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Table 1. Model experiments defined by the production pathway considered. Experiments are called “Opt” to be consisttenwitter
et al.(2013, who derived the Chl production rates from a parameter optimization.

Production pathway/ Biological | Photochemical| Mixed

experiment ID Optl Optd Opt3 Opt4 | Opt134 Opt24
“Normal” biological prod. + +

“Stressed” biological prod. + +
Photochemical prod. from SLDOC + +
Photochemical prod. from RDOC + + +

Based on our insights from previous model experiments
in which the production rates were optimized to best fit ob-
served concentrationS{emmler et a).2013, we performed
the following experiments (Tabl®).

this experiment, CHl production is linearly coupled to
light.

Opt134. “Normal” biological production and both pho-
tochemical production pathways: it is expected that in

Optl. “Normal” biological productionStemmler et al.
(2013 demonstrated that in the model experiment with
optimized parameters for biological production, the best
agreement with observed profiles of glHcould be
achieved. In particular, the model was able to reproduce
the low surface concentration and a pronounced subsur-
face maximum. We therefore adopt this experiment in
which CHl is produced during phytoplankton growth
using a constant production ratio.

Opt2. “Stressed” biological productioBtemmler et al.

reality, both biological and photochemical production
occur simultaneously; this experiment therefore repre-
sents combined production.

Opt24. “Stressed” biological production and photo-
chemical production from refractory DOC: this com-
bination of source processes was chosen as it became
clear from Optl to Opt4 that “stressed” biological pro-
duction and photochemical production from RDOC
best represent observations in surface seawater on the
global scale (see Sect. 3.3 and TaB)e The experi-

ment considers “stressed” biological production, with
the ratio between Cfl production and phytoplank-
ton growth kpp € [0.1232 200] mmol CHsl (kmolP)—1
and photochemical production from RDOC with

(2013 showed that the consideration of enhanced pro-
duction by physiologically stressed phytoplankton (i.e.,
the picocyanobacteria spec®chlorococcuy as sug-
gested byHughes et al(2011), did not improve the ! :
model performance. Due to several uncertainties dis- the7 pgotochemlcal pl’OdU(ithﬂ . ratléphoto= 2.8 x
cussed irBtemmler et al(2013, the importance of this 107" m*mmol Ckl (kmolP) ™" W™"s™%.

mechanism can not be excluded; we therefore considep | 1a1es for CHyl production are identical to the ones used
this pro_duct|on pat_hway. In this expgrlment, the:{lﬁH in Stemmler et al(2013: no new parameter optimization
prod_uct|on r.ate_\./arles in space and time, depending ORvas performed. For all experiments, the ocean model was
nutrient availability. restarted from an 840-year spin-up under preindustrial con-
Opt3. Photochemical production from semi-labile dis- Q|t|ons, .e., using a constant atmosphenc@@ncentra-
tion of 278 ppm. A subsequent chemical spin-up run over

solved organic carbon (SLDOCBRBell et al. (2002 . .
state in their model study that best agreement be_50 years starting from a constant glHconcentration of

-1 _ ..
tween simulated and observed gisurface concentra- 1 pmol L~ was performed to ensure steady-state conditions.
. : . : . . The ocean model was forced with Ocean Model Intercom-
tions is achieved when photochemical production using

SLDOC is taken into account; we therefore follow their parlson Project data (OMIP forcingR0ske 200§, which

approach. In this experiment, GHproduction is lin- is a daily mean climatology based on ECMWF (European
: ) . Centre for Medium-Range Weather Forecasts) Re-Analyses

early coupled to light and dissolved organic carbon con- . o

centration, which is provided by HAMOCC. (ERA) data Gibson et_ al. 19_93. To test the_ sensitivity to-

wards the atmospheric forcing, one experiment (Opt4) was

Opt4. Photochemical production from a constant sur-éPeated with transient (1959-1964) NCEP (National Cen-

face DOC pool: model sensitivity experiments with ters for Environmental Prediction) 6 h datBehringer and

photochemical production of SLDOC or refractory dis- XU& 2004. Model results presented here are from a one-year

solved organic carbon (RDOC) did not reveal signifi- Simulation that followed the spin-up.

cant differencestemmler et a).2013 at Cape Verde.

It is not obvious that this is true on a global scale;

we therefore also consider this production pathway. In

www.biogeosciences.net/11/4459/2014/ Biogeosciences, 11, 445%-2014
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Table 2. Global production, loss, emissions, and inventory.

Production pathway Biological \ Photochemical\ Mixed

Optl Opt2| Opt3 Opt4 | Opt134  Opt24

Production [Ggyr1] 427.23 407.49| 125.49 217.14| 348.27 305.97
% biological 100 100 0.2 29

% photochemical SLDOC 100 28

% photochemical RDOC 100 72 71

Net emission [Gg yr1] 256.62 218.55| 69.09 101.52| 170.61 149.46
Loss [Ggyr 1] 141.00 180.48| 53.58 109.98| 164.97 148.05
Inventory [Gg] 22.56 12.69 5.64 12.69| 14.10 11.28

2.3 Observations

CHgsl data are extracted from the HalOcAt (Halocarbons o -
in the Ocean and Atmosphere) databab#pé://halocat. — son 4
geomar.de/Ziska et al, 2013. HalOcAt was initiated in May
2009 as an initiative of SOLAS Project Integration as part |
of COST Action 735 (an EU-funded networking tool) and 2
SOPRAN fittp://sopran.pangaea.jleZurrently the database '
contains about 200 data sets with a total of 55400 oceanit [
and 476 000 atmospheric concentrations from all depthan®® T— 11T T T T T T T T T T
height levels of 19 different halocarbon compounds (mainly
very short-lived brominated and iodinated trace gases) fron

90N e 4o v o 1

0 =

60S -

180 150W 120W 90W  60W  30W 0 B30E 60E 90E 120E 150E 180

Surface concentrations [pmol L]

theyear51989t02011.0nlydatafromtheupper20mofthe- ‘ ‘ | | | ‘ ‘ _

ocean are used here to evaluate model performancel(Fig. 0 1 2 3 4 5 6 7 8 9 10 11
Generally, observed data from a particular month are com-

pared to modeled monthly means. The exact origin of theFigure 1. Observed surface methyl iodide concentration
individual data can be identified from the supplemental in- (PmolL™2).

formation (SI) inZiska et al.(2013. Among other sources

listed in Ziska et al.(2013, observations from air and sea-

water of the Atlantic are from Butler et al. (2007), Chuck et

al. (2005), Jones et al. (2010), Schall et al (1997), and Wangithin one year, but more than 94 % is lost via degradation
etal. (2009), of the Pacific from Butler et al. (2007) and Yok- anq outgassing (Tab®.

ouchi et al. (2008), of the Southern Ocean from Abrahams- | Opt1, the spatial and temporal patterns of sCHro-

son et al. (2004), Butler et al. (2007), Chuck et al. (2005), quction mirror the ones of primary production (Fig). The
and Yokouchi et al. (2008), and of other ocean regions fromhighest production throughout the year occurs in regions of
Archer etal. (2007), Orlikowska and Schulz-Bull (2009), and equatorial upwelling, and seasonally in the Southern Ocean

Yokouchi et al. (2008).

3 Results

3.1 Simulated mean fields

(in boreal fall and winter) or the North Pacific and Atlantic
(in boreal spring and summer). Strong outgassing and degra-
dation lead to a relatively short overall residence time

(v = 2Oy in the ocean of approximately 20 days. Con-
sequently, in most oceanic regions, gtdoes not accumu-
late, and the spatial patterns resemble the ones of primary

production (Figs3a and4a). By contrast, Chl concentra-

Biological methyl iodide production in the model is pro- tions in the Arctic Ocean are high in summer and fall despite
portional to primary production. Two experiments were per-low primary production (not shown). The reasons for this
formed, one with “normal” biological production, in which are small losses, i.e., reduced outgassing in summer when
the ratio between C#l production and primary production the wind speed is low, and slow chemical reactions (hydrol-
is kept constant (Opt1), the other with a varying ratio (Opt2), ysis, nucleophylic substitution) at cold temperatures. Fur-
which is high in oligotrophic oceans and low where phy- thermore, methyl iodide production occurs within the mixed
toplankton growth is rarely nutrient limited. In total, ap- layer. Deepening of the mixed layer in windy seasons leads
proximately 400 Gg of CHl are produced by phytoplankton to a dilution of concentrations, which is not compensated for

Biogeosciences, 11, 4458476 2014
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Figure 2. Box—whisker plot of simulated and observed surface oceagl €bhcentrations (pmoltl). Box widths are determined by

the 25 and 75 % percentiles of data within each 10-degree latitude box; outliers (gray) are located outside 1.5 times the differences of the
percentiles; the middle line of each box shows the median. Simulated concentrations are averaged over 1-degree boxes around the locatior
of the observations. Different colors denote different experiments; observations are shown in dark gray.

by production, and which thus results in a longer residenceoriginate from primary production (compare Fig&a and
time. 6b). The spatio—temporal patterns of glHollow the ones

In Opt2, the presence of stressed picocyanobacteria cellsf SLDOC and roughly resemble the ones in Optl, but at
leading to enhanced GHproduction is simulated by im- generally lower concentrations (Fig). Global production is
plementing the ratio between GHproduction and growth  much lower in this experiment (approximately 125 Ggyr
kpp as a function of nutrient availabilityStemmler et aJ.  Table2), but due to the similar spatial distribution of produc-
2013. In this way,kpp is spatially and temporally variable, tion, the residence time (approximately 17 days) is close to
with maxima in the subtropical gyres and minima in nutrient- that of Opt1.
rich regions such as upwelling regimes (Filp). The in- In a second experiment on photochemical production, the
homogeneous production rate leads to differentzICiHs- DOC concentration used in the @Hsource parameteriza-
tribution patterns compared to primary production (F&fs. tion was kept constant instead of using the prognostic DOC
and4a). Though concentration maxima at the Equator per-tracer. This mimics a “virtual” refractory DOC (RDOC) pool,
sist, more CHI is produced and remains in the subtropi- i.e., an unlimited DOC supply. Here, the spatial distribution
cal gyres, whereas GHHin the Southern Ocean is reduced. of CHgsl production is solely determined by incoming so-
These changes in the spatial distribution of {Lidroduc- lar radiation (Fig.6a). CHsl concentrations are a function
tion are in line with changes in the relative importance of the of the source strength relative to the sinks (degradation, out-
loss processes and subsequently a different residence timgassing), and hence the glitoncentration distribution does
Production is reduced in the windy storm track regions of not directly reflect shortwave radiation, but rather differs sig-
the Southern Hemisphere (due to the lowges in this bio- nificantly from it (Fig.5). For example, in the tropical Pa-
logically productive region). By contrast, more glHs pro- cific, the CHsl concentration is strongly influenced by wind
duced in the warmer subtropical regions. The relative impor-speed: in areas of higher wind speed, like the tropical east-
tance of outgassing is thus reduced compared to Optl (in therlies north of the Equator (at 15% westward), concentra-
global budget; see Tabl®), whereas the temperature- and tions are lower than in areas of low wind speed closer to the
light-dependent degradation processes gain in importanceAmerican coast, due to enhanced outgassing. The residence
The global oceanic residence time in this experiment is onlytime of 21 days is similar to the one in Optl and Opt3.

11 days (Table). Two experiments were performed that considered more
Photochemical production of GiHis parameterized as lin- than one CHI production pathway: (1) Optl34, which
early coupled to the dissolved organic carbon (DOC) concenincludes “normal” biological production and photochemi-
tration and radiation. Experiment Opt3 uses the DOC pool ofcal production by degradation of refractory and semi-labile
HAMOCC (Fig.6b). This semi-labile DOC (SLDOC) origi- DOC, and (2) Opt24, which includes photochemical pro-
nating from exudation by plankton is remineralized at a con-duction by degradation of refractory DOC and biological
stant decay rate, and is transported by advection and diffuproduction, including enhanced production during stress. In
sion. High DOC concentrations are thus located in highly Opt134, the methyl iodide is almost exclusively produced via
productive regions (Figeb), and dispersion within its life- the photochemical production pathway; less than 1% is pro-

time of a few months leads to dilution of the gradients thatduced by phytoplankton (Fi@, Table2). 72 % are thereby

www.biogeosciences.net/11/4459/2014/ Biogeosciences, 11, 445%-2014
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Figure 3. Annual mean methy! iodide concentration (pmofl) in the experiment, with normal biological production, Og&), and with
production from stressed picocyanobacteria, @pj2Black dots mark the sampling locations of glibbservations (shown in Fid).

Table 3.Global fraction of observations best presented by the respective model experiment (as showhdfoFigdividual locations and

seasons), considering only single source experiments, only mixed source experiments, and all experiments (upper part). Global root mear
square deviation (RMSD; pmoltl), root median square deviation (RMSD (median); pniot), and global median of the rati bﬁfgég}'on

(lower part).

Source Biological | Photochemical | Mixed

ID Optl Opt2 | Opt3 Opt4 | Optl34  Opt24

Percentage of simulated data closest to observations
Including only single source exp. 13.12% 24.15/%46.46% 46.27%

Including only mixed source exp. 39.31% 60.69%
Including all exp. 7.63% 16.56% 12.14% 34.27%| 18.17% 11.23%
Characteristics of the comparison between model and observations

Global RMSD (pmol 1) 7.78 10.11 2.97 2.63 3.14 3.21
Global RMSD (median; pmoltl) 1.04 0.65 0.50 0.35 0.60 0.52
Median ratio"bﬁﬁ)%}'on 2.14 1.74 3.42 2.01 1.24 1.49

produced via the unlimited DOC pool (RDOC), and 28 % real fall (September—-November), in the North Atlantic in
from the semi-labile DOC (Tabl2). The spatial distribution  spring, and in the Arctic in summer (boreal summer, not
(Fig.7) is very similar to the one in Opt4 (Fi§). Differences  shown). Once more, this implies that production is enhanced
occur where production from SLDOC is strongest, i.e., inin regions where the lifetime of Gilis low, as temperature
the equatorial Pacific, in the Southern Ocean in boreal winteand wind conditions favor degradation and outgassing. How-
and in the North Pacific in boreal summer. There, concentraever, not all of the freshly produced GHis lost, and the
tions are higher than in Opt4, due to higher4&Hroduction = concentrations at, e.g., the Equator are enhanced compared to
triggered by spatial DOC maxima (Fi@). The total CHl Opt4. The global production of 306 Ggykis in between the
production in Opt134 is 60 % higher than in Opt4, but the ones of the single source experiments, Opt2 (407 Ggyr
inventory is only= 10 % higher, as the additional production and Opt4 (217 Gg yrb).

occurs in regions of high wind speed or temperature and out-

gases to the atmosphere (F1§). The shiftin the production 3 5 Comparison of simulated and observed Ch

towards warm and windy regions, which both supportsCH concentrations

loss, leads to a significant reduction in the global residence

time in Opt134 (14 days) compared to Opt4 (21 days).

In Opt24, 70 % of the methyl iodide is produced via the
photochemical, and 30 % via the biological production path-
way (Table2). Biological production dominates only in the
equatorial Pacific and Atlantic, in the Southern Ocean in bo-

The simulated surface methyl iodide concentrations are com-
pared with observations (Fig$, 2, and9; Figs. S1-S25 in

the Supplement). Generally, the model represents methyl io-
dide observations well (Fig2 and Fig. S1-S25 in the Sup-
plement), i.e., model-predicted surface concentrations are on

Biogeosciences, 11, 4458476 2014 www.biogeosciences.net/11/4459/2014/
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Figure 4. Integrated annual mean primary production (umofe—1) (a) and mean ratio between methy! iodide and primary production
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(a) opt3 (b) Opt4
90N 1 1 1 1 1 1 1 1 1 1 1 90N 1 1 1 1 1 1 1 1 1 1 1

==
60N = 60N =1

30N = 30N =
0 - 0 -
30S = 308 =

60S = 60S =

908 T T T T T T T T T T T 208 T T T T T T T T T T
180 150W 120W 90W 60W 30W 0  30E 60E 90E 120E 150E 180 180 150W 120W 9OW 60W 30W 0  30E 60E 90E 120E 150E 180

Surface concentrations [pmol L]

0 1 2 3 4 5 6 7 8 9 10 11

Figure 5. Annual mean methyl iodide concentration (pmotl) in the experiment, with photochemical production from SLDOC, Gp)3
and RDOC, Opt4b). Black dots mark the sampling locations of the gLldbservations (shown in Fid).

the order of magnitude of the observed concentrations in alDpt2) show an unrealistic maximum around the Equator,
experiments. However, the quality of the simulated concen-where nutrient upwelling, high temperatures, and high inso-
trations of the individual experiments varies between the redation favor phytoplankton growth. By including enhanced
gions (Fig.2). production by stressed picocyanobacteria, and not only “nor-
In the following, we look more closely at the magnitude, mal” biological production, the representation of §Hs
spatial gradients, and seasonal patterns oflQidncentra-  significantly improved along the ship track in the Atlantic.
tions in the Atlantic, the Pacific, and the Southern Ocean. In Optl, CHl concentrations show steep gradients between
Observed concentrations in the Atlantic span a wide rangelow concentrations in the oligotrophic subtropical gyres and
from <0.1pmol L1 (Chuck et al, 2005 to 45pmol L1 high concentrations in the nutrient-rich equatorial region.
(Smythe-Wright et aJ. 2006, but values higher than The consideration of a higher GHproduction under nu-
20pmol L1 are rare in the open ocean, where typical con-trient shortage compensates for the low primary production,
centrations are between 1 pmoltand 15 pmol 1 (Butler and brings CHI concentrations closer to observations. How-
et al, 2007 Chuck et al. 2005 Jones et al.201Q Schall  ever, similarly to Opt1, this experiment (Opt2) overestimates
et al, 1997 Wang et al.2009 (see the Supplement for indi- observed concentrations at the Equator by a moderate factor
vidual cruise data). In contrast to other biogenic organohalo-of approximately 1.3.
gens, methyl iodide concentrations often do not show a pro- Though the experiments that consider solely photochem-
nounced maximum at the Equator. Ship cruise data coverical production do not show a strong latitudinal gradient
ing a broad range of latitudes in the Atlantic in boreal fall along the ship track, they tend to underestimate observed
(cruise BLAST 2, October—November 199Butler et al, methyl iodide concentrations. Observations are however also
2007, Figs.1 and 9a, Fig. S1 in the Supplement) reveal equivocal regarding that gradient: in contrasBuatler et al.
relatively homogeneous methyl iodide concentrations. Here(2007) (BLAST 2, Fig. S1 in the Supplement) ar€huck
model experiments with biological GHproduction (Optl, et al. (2005 (Polarstern cruise ANT XVII/1 in September
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Figure 6. Annual mean shortwave radiation (W) (a) and semi-labile DOC concentration (mm C#) (b).

and October 2000, not showrjganzer and Heuman{1992 Groszkq 1999. This is achieved without the implementa-
find an increase in C§l concentrations in the Atlantic to- tion of an additional (biological) sink, which was suggested
wards the Equator on the same ship track (Polarstern cruisby Bell et al.(2002 to compensate for overestimations.

ANT VII/5 in March and April 1989, not shown). In the Pacific, observed concentrations range between 0.3
Another feature is the east-west gradient in the subtropiand 12 pmol £1 (Butler et al, 2007. There are fewer data
cal North Atlantic in spring and summer (Figh, Fig. S10in  for the western Pacific, and these reveal lower concentra-

the Supplement) in the biological experiments. This gradientions (often below 1 pmolt! ) than in the eastern Pacific
evolves from low production in oligotrophic areas and higher (3—12 pmol 1), though one has to note that the ship cruises
production in more nutrient-rich areas, and from subsequenare from different seasons. Model results also show lower
DOC formation. Observations do not show this gradient,values in boreal fall in the western Pacific, and higher values
as concentrations in subtropical gyres are usually higher oin the eastern Pacific. Experiments with the biological pro-
equally as high as in other open ocean regions. This is imduction of methyl iodide show partly strong GHconcen-
proved in experiments Opt2 and Opt4, and in the mixedtration overestimations of up to a factor of 5 in biologically
source experiments. productive areas, such as the tropical Pacific (Bag.d and

For the Atlantic, some information on the seasonal cycleFigs. S8, S11, S13 in the Supplement) or areas of coastal up-
of CHgzl concentrations is available froklang et al(2009. welling (Fig. S9 in the Supplement). Although HAMOCC is
They find maxima in summer in the northeastern Atlantic a state-of-the-art marine biogeochemical model, certain as-
south of Greenland (compare Figs. S21-S23 in the Supplepects have to be considered that affect methyl iodide pro-
ment). The model experiments Optl and Opt2 show maximaluction. Biological production of C§l in the model is pro-
in spring. Only those experiments in which photochemical portional to primary production, which can not be evaluated
production is dominant are able to reproduce the observe@asily on a global scale. The biogeochemical model is tuned
seasonality. They show maxima in summer with a similarto capture the main features of the nutrient (phosphate, ni-
magnitude and a similar difference between the seasons, dsate, iron) distributions, and to simulate reasonably export

found in observations. production. Some features, like the large-scale distribution
In Opt3, we use the parametrization of glHbroduction  of primary production, are well represented, as primarily
that was introduced in the work &ell et al.(2002. In Bell driven by nutrient supply and insolation. One known weak-

et al. (2002, CHsl concentrations have been overestimated ness, in more or less all global models, is the so-called “nutri-
in Labrador seawater by 1-2 orders of magnitude compare@nt trapping” in the equatorial Pacific (summarize®ietze

to Moore and Groszkd1999 and Moore and Tokarczyk and Loeptien2013, where excessively high nutrient con-
(1993. In the experiment, Opt3 concentrations in Labrador centrations at the surface lead to excessively high primary
seawater are reduced, but this does not imply a model imand export production in the equatorial Pacific. Differences
provement, as spatial gradients elsewhere (e.g., in subtropicéletween modeled and observed 4Lidoncentrations in the
gyres) are not represented satisfactorily (see above). In exropical Pacific (e.g., Figdc) hence can not be unambigu-
periments Opt2 and Opt4, by contrast, concentrations in theusly translated into the likelihood of a certain production
Labrador Sea are improved comparedgll et al. (2002, pathway.

and spatial patterns in other ocean regions are similar to ob- In the Southern Ocean, observations show both concentra-
served patterns. Both experiments showsCtdncentrations  tions lower than 5pmol ! (e.g., west of 6BW in spring

of 2-7 pmol L=t in July and are in the range of observed con- (MAM); Fig. 1) and values higher than 5pmotL (30—
centrations in the Labrador Sea (1-6 pmolLMoore and  90° E in MAM). The distinct seasonal cycle seen in many
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Figure 7. Methyl iodide concentration (pmoltl) in the experiment with mixed biological and photochemical production, Opd34nd
the one with mixed biological production considering stressed picocyanobacteria and photochemical production from RDO@®).Opt24
Black dots mark the sampling locations of the glldbservations (shown in Fid).

model experiments can not be extracted from observationgure, e.g., higher/lower deviations in regions with high/low

because the data coverage is sparse. Also, a higher coveragemary production. This means that the underestimations
might not show this feature clearly, because the concentratioin oligotrophic regions are equally as high as, e.g., over-
distribution is very variable in that region (see Figs. S14-S20estimations in productive regions. On a global scale, Opt4

in the Supplement). (the experiment that mimics photochemical production from
RDOC) is the most successful one among the single source
3.3 Identification of the dominating CH3l source experiments, showing the lowest deviation for 46.27 % of the

observations, followed by Opt2, which represents 24.15 % of

After analyzing the differences between simulated and ob-the observations best (Tal8g The differences of root mean
served CHI concentrations, we now aim to determine the and root median square deviations (TaB)eillustrate the
production pathway(s) that dominate(s) surface concentrapronounced skewness of the distribution of the squared de-
tions. To accomplish this for each location, the experimentviations. Globally, the deviation of simulated and observed
was identified for which simulated concentrations match theconcentrations is lower for Opt4 compared to Optl, Opt2,
observed values most closely. This was done first by calculatand Opt3. The second-lowest deviation globally is found for
ing the absolute deviation between simulated and observedxperiment Opt3, in contrast to the second rank in the num-
concentrations for each observational data point and expemer of best matches found for Opt2. This simply reflects
iment. After ranking the experiments, the experiments thatthe spatial inhomogeneity of the deviations: whereas Opt2
show the lowest deviation are mapped (Hi@), and the num- s closer to the observations more often than Opt3, the devi-
ber of occasions when the deviation of a particular experi-ations are higher, in particular in the biologically productive
ment was lowest was counted. TaBlists these numbers for  equatorial upwelling. Opt3 furthermore underestimates ob-
each experiment relative to the total number of observationsservations more strongly than Opt4 and Opt2, indicated by
As this is only a relative measure, three additional indicatorsthe highest median ratio of observations and simulated con-
are derived: the global root mean of the individual squaredcentrations. The robustness of these results is tested by per-
deviations, the global root median of the individual squaredforming a number of additional sensitivity experiments, in
deviations (as they are not symmetrically distributed, see Slvhich input parameters and forcing data are changed.
Fig. S28), and the median of the individual ratios of observa- A variation in the production ratios by 10 % in Opt1, Opt3,
tions and simulated concentrations (to account for the spatiahnd Opt4 leads to the same spatial distribution (Figs. S26
variability of concentrations). and S27 in the Supplement), and the PDF (probability den-

First we start with the hypothesis that elis produced via  sity function) of the ratio observation/model (Fig. S28 in the
one dominating source process; thus we only consider OptBupplement) is unchanged. This is also true when a different
to Opt4 in the analysis. At first, none of the ship cruises orforcing (transient NCEP 6 h dat8¢hringer and Xug2004
seasons shows a concordant preference for one single expefistead of climatological daily mean OMIP) is used in Opt4
ment, but instead they show a mixture of various sources bege.g., Fig. S29 in the Supplement). Differences in the RMSD
representing certain locations, without any obvious patterrand the ranking (Table 3) of the experiments are thus robust
(Fig. 10a). Testing if the deviation factor between modeled and driven by the spatial distribution of the concentrations
and observed concentrations is determined by some physicahther than by the choice of production rates. In particular,
or biological mechanism did not reveal any systematic fea-
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RDOC) in the experiment with mixed biological and photochemical production, Oft)34nd the one with mixed biological production
considering stressed picocyanobacteria and photochemical production from RDOC(l)pt24

Optl and Opt3 are the least successful, because their spalains why the mixed source experiments do not lead to sig-
tial distribution is determined by primary production, which nificantimprovements over the single source experiments. Of
shows features that are not present in global patterns of obecourse, repeated parameter optimizations with different cri-
served methyl iodide. In contrast to model results, observateria, e.g., weighting of deviations in biologically productive
tions do not show low concentrations in oligotrophic sub- or upwelling regions, may lead to a different source appor-
tropical gyres and high concentrations in productive regionstionment, and could result in different concentration distribu-
However, one has to keep in mind that halocarbon productiortions compared to the single source experiments. We refrain
rates are different for different phytoplankton specsdre = from conducting this, because it would not lead directly to
and Tokarczyk1993 Hughes et al.2006 Smythe-Wright  new insights into the substances, but would rather constitute
et al, 2006 Brownell et al, 2010; community composition  a fine-tuning of the model.
differences would hence lead to changes in the bulklICH  As a final step, we do not restrict the analysis to the num-
production rate and distribution patterns. The inhomogeneber or nature of Chl source processes, but take all experi-
ity of the community composition and the GHproduction =~ ments into account. The analysis of the number of lowest de-
rate implies that chlorophyl may also not be a good pre- viations reveals that photochemical production from RDOC,
dictor of CHgl production (see also Sect. 3.2). The success ofi.e., Opt4, globally explains the large fraction of observations
Opt4 over Opt3 shows that the representation of DOC doeg$34 %), followed by Opt134 (18 %) and Opt2 (16 %). This is
indeed strongly influence the ability of the model to repro- also reflected by the fact that Opt4 shows the lowest overall
duce observed concentrations when considering photochenti.e., global mean and median) deviation from observations.
ical production alone. Where Opt3 shows minima due to low
DOC, Opt4 shows maxima due to high insolation. These dif-3.4 Covariation of CHzl with biotic and abiotic
ferences are higher than differences that arise from variable  variables
insolation (i.e., Opt4 with OMIP forcing compared to Opt4
with diurnal NCEP forcing in different years). In reality, bi- Covariation of proxy parameters (such as temperature, radi-
ological and photochemical production most likely occur at ation, or chlorophyll concentration) with measured methyl
the same time. iodide concentrations are often used to identify the dominant
In the next step, we assume that methyl iodide is alwaysproduction pathway (e.gRasmussen et al1982 Happell
produced from mixed biological and photochemical sources@and Wallace 1996 Abrahamsson et al2004 Chuck et al.
thus we consider only Opt24 and Opt134 in the analysis.2005 Wang et al.2009 Lai et al, 2011). Formally this anal-
The number of “best matches” identifies Opt24 as the moreysis is flawed, as none of the variables is truely statistically
successful experiment, being closest to approximately 60 %ndependent. However, in the current study, we know ex-
of the observations (Tabl®. The comparison of root mean actly which production process the simulated methyl iodide
and root median squared deviations, and the median ratio ofriginates from, so we can test the robustness of some com-
observed and simulated concentrations, show (Tapthat mon predictors. For this purpose, the correlations between
both experiments represent observations equally well. Thisimulated methyl iodide surface concentrations and simu-
comes as no surprise, as photochemical production is théated temperature (sst), phytoplankton concentration (phy),
dominant source in both experiments (F8y. This also ex- as well as solar radiation (rad) along an arbitrary track
(the 30 W meridian of 60 N-60° S), were derived for each
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Figure 9. Observed and modeled methyl iodide concentrations
(pmolL~1). Observations are fromButler et al. (2007 (a:
BLAST 2, b: Gas Ex 98,c: BLAST 1, d: Phase 1-04. See also
Figs. S1, S8, S10, and S11 in the Supplement). Note the broke
y axes in(a) and(c).

month individually. For the Ckl concentrations simulated in
Optl, the correlation with the phytoplankton concentration is

4469

tion as in Opt4, as photochemical production from a constant
DOC pool is almost everywhere the dominant production
pathway (apart from a small region around the Equator in
Opt24, where biological production is equally important; see
Fig. 7b). As a matter of fact, the temporal pattern of the corre-
lation coefficients is almost identical between Opt4, Opt134,
and Opt24. When looking into individual months, in Opt24,
either the correlation with phytoplankton or the correlation
with radiation is highest. Opt123 shows the same order in
the correlation coefficients as Opt4, except in March.

3.5 Gas exchange with the atmosphere

Air—sea exchange is analyzed for Opt4, where observed
CHgl concentrations are represented best, and for Opt24 and
Opt134, the experiments with mixed GhHsources.

As the prescribed atmospheric boundary conditions are
identical in all experiments, differences between simulated
saturation anomalies and gas fluxes are controlled only by
differences in CHI dissolved in surface sea water. Air—
sea fluxes can be both positive (into air) and negative
(into the ocean), depending on the season and location
(Fig. 12). The seasonal mean emission ranges fro200
to 1500 pmolm2h~1. In line with the highest concentra-
tions, the strongest outgassing is simulated in boreal win-
ter in the Southern Ocean, where high production co-locates
with high wind speeds. Note that the seasonal mean dis-
tributions shown in Figl2 suggest a strong spatial homo-
geneity, which in reality does not exist. At higher tempo-
gal resolutions (e.g., daily means), the emissions are very
“patchy”, and the flux in neighboring regions in the South-
ern Ocean can differ by more than 1000 pmolh—1 (see
Fig. S30 in the Supplement, daily mean emissions over the
first 120 days of the year). This inhomogeneity is caused by
small-scale low-pressure systems that travel along the South-

always stronger than the ones with temperature or radiatiorern Hemisphere storm track and lead to episodic high wind

(Fig.112). For Opt2, by contrast, the correlation with radiation

is strongest in some months, and no covariation with phy-|

toplankton is observed (in Septemb&{(CHsl,phy) < 0.1
and R(CHgsl,rad) =0.79). For Opt3, the covariation analysis
along 30 W shows a strong relation to both phytoplankton
and radiation in nearly all months (Fidl). The temporal
pattern of correlation coefficients thereby follows the one of
the correlation of the two paramete®(phy,rad), Figl11d),

speeds. Furthermore, the daily mean data are characterized
by a wider range of fluxes{225 to 3687 pmol m? h—1) than
the seasonal means (see above).

In boreal summer, strong outgassing is found in the mid-
latitude North Atlantic and North Pacific. Generally, lower
emissions are predicted for the tropical and polar regions.
This is due to weaker winds that partly lead to low emis-
sions, despite high production (e.g., in Opt24 in the tropi-

and only when this correlation is low, e.g., in September andcal Pacific). In polar regions, the sea ice cover seasonally
October, is the correlation with temperature highest. In Opt4 shields the ocean from direct contact with the atmosphere,
methyl iodide co-varies with radiation, and in all months and thereby suppresses outgassing. In all experiments, a re-
CHgsl shows high, statistically significant, correlation coeffi- versal of the air—sea flux is predicted for the same region in
cients (i.e., 0.6-0.9; FidL1). However, the correlations with  boreal winter in the North Atlantic{ 50°N).

phytoplankton and temperature are also high, and often (in Overall, global annual fluxes range from 100 to
January, February, October, and December) even higher thati70 Ggyr ! (Table2), with the ocean acting as a net source

correlations with radiation.

From the source apportionment (Fig), one expects for
both experiments with mixed G3Hsources similar correla-
tion coefficients with temperature, phytoplankton and radia-

www.biogeosciences.net/11/4459/2014/

of methyl iodide for the atmosphere. Global emissions re-
ported in the literature are often estimated from observed
oceanic concentrations (and, ideally, simultaneously mea-
sured atmospheric concentrations), which are used first to
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Figure 10. Experiment closest to the observed concentration at the sea surface, when considering only single source eXpgraments
only mixed source experimengs).

Table 4. Global annual methyl iodide emissions (Ggyj) from the ocean.

Source type Lit. value This study Reference

Open ocean 101.52-170.6 Opt4, Opt134

Open ocean 270 Liss and Slate(1974
“Unproductive” ocean 50 Rasmussen et 811982
“Moderately productive” ocean 220 Rasmussen et 11982
“Highly productive” ocean 1000 Rasmussen et 1982
Open ocean 300-500 Singh et al (1983

Global ocean 150 Campos et al(1996
Global ocean 130-350 Moore and Groszk¢1999
Open ocean 214 Bell et al.(2002

Open ocean, £0N-40° S 610 174 (219 Smythe-Wright et al(2006), Opt2
Open ocean 298.1 Butler et al.(2007)

Global ocean 610.4 Butler et al.(2007)
Oligotrophic open ocean 138.6 Jones et al(2010
Mesotrophic open ocean 1335 Jones et al(2010

Global ocean 205.8 Ziska et al.(2013 (OLS)
Global ocean 176.0 Ziska et al(2013 (RF)

* Global value.

calculate an emission flux, which is then extrapolated to thetration in fall (Fig.1) across the Atlantic (Opt4, Opt134, and
global scale (e.glL,iss and Slaterl974 Moore and Groszko  Opt24), but a strong seasonal variation, with concentrations
1999 Smythe-Wright et a).2006 Butler et al, 2007 Ziska  lower (< 0.5 pmol L1) than the value reported inovelock
etal, 2013. Global emissions simulated here are at the loweret al.(1973. In particular, our simulations suggest a reversal
end of these previously estimated values (Tab)ldn gen-  of the flux in the North Atlantic in winter. Altogether, this
eral, deviations can be due to both, emissions estimated frornan lead to deviations in the simulated global flux, which is
observations and the simulated fluxes, so all values listed impproximately 35-50 % lower.
the table are discussed separately. Rasmussen et a(1982 aggregate more than 450 sam-
The global flux of 270 Gg yr* reported inLiss and Slater  ples of atmospheric concentrations and only 21 samples
(1979 is calculated from observations of GHn the ma-  of oceanic concentrations (which were not taken simulta-
rine boundary layer of the Atlantic (approximately°60- neously) into fluxes for biologically unproductive, moder-
50° S) collected during a ship cruise in 1970-19Tb\e- ately productive, and highly productive regions. These are
lock et al, 1973. Unfortunately, only the mean values of at- assumed to hold a share of 60, 30, and 10 % of the ocean sur-
mospheric and oceanic volume mixing ratios are reportedface, respectively. For the comparison, we omit the contribu-
together with the note that they did not find any obvious lati- tion of the highly productive coastal regions, because of the
tudinal trend, but large local variations. Our results also sug-coarse spatial resolution of the global model. The emissions
gest only a weak latitudinal variation in the seawater concen-estimate is identical to the one hiss and Slate¢1974), and
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The emissions estimate presentedvbyore and Groszko
(1999 is based upon concentrations in air and water de-
rived from three ship cruises in the Labrador and Sargasso
seas (July 1995), the Pacific from°4Y on the US coast
to 47 S in Australia (Seattle—Hobart in October—November
1995), and the eastern Atlantic off Ireland (June 1996).
Based on these measurements, they calculated z K
of 666.7 (75-2666.7) pmolnth~1 for the Pacific, 495.8
(12.5-2292) pmol m? h~! for the Labrador Sea, and 1041
(12.5-4500) pmolm?h~1 for the eastern Atlantic. Using
these values, and an uncertainty analysis of the wind speed
data, they came up with a global range of approximately
130-350 Ggyrl. The derived local fluxes are in line with
our simulated values, and deviations between the global val-
ues are again caused by spatial and temporal variations.

Bell et al. (2002 calculated their emissions from a model
simulation that uses the same parameterization ofl @kb-
Figure 11. Spatlal correlation of the mOﬂth'y methyl iodide surface duction asin Opt3 As our simulated seawater concentrations
concentrations along the 3V r_neridian _(6_(‘3 N-60° S), with sur- at many locations are lower than those simulatedBijl
face phytoplankton concentratio¢e, radiation(b) and sea surface et al. (2002, our global CHI flux is consequently lower,

temperaturéc), and spatial correlations of phytoplankton and radi- . . . . . I
ation (R(phy,rad)), phytoplankton and SSR(phy,sst)), and SST despite similar air concentrations. Notably, their model sim-
ulation does not predict a reversal of the gas exchange in

and radiation R(sst,rad))d). All correlations are significant on the . A
95 % level. the northern Atlantic. Here our model predicts a seasonal

mean of 0.2-0.3ngt! in seawater, which is lower than the

value inBell et al.(2002) (0.5 ng L™1); atmospheric concen-
the deviation arises from the same causes, namely an undetrations in that particular region are approximately 0.9 ppt
representation of the seasonal variation in seawater concer{0.6—0.97 ppt), which is slightly higher than their value of
trations and the simulated temporal reversal of gas exchang®.6 ppt.

Singh et al(1983 measured Ckl in seawater and air on a Smythe-Wright et al.(2006 report a mean CHl flux
ship cruise in November—December 1981 in the eastern Pgroduced byProchlorococcusfrom their ship cruise mea-
cific, close to the American coast. The measured mean aisurements of oceanic and atmospheric concentrations of
concentration of 2 ppt is higher than the atmospheric con-109.5 nmol ntd—1. Based on this value and the ocean sur-
centrations used for modeling in that region (0.5-1.5ppt,face in the area oProchlorococcusoccurrence (at lower
seeZiska et al, 2013. Simulated oceanic concentrations latitudes; 40 S—40 N), they estimate a contribution of
across that ship track range from 2.5 to 3.9 pniot In Opt4, 610 Ggyr. This result can best be compared to the values
and from 3 to 35pmol Lt in Opt24 and Opt134, and are simulated in Opt2, the experiment that mimRi®chlorococ-
comparable with the observed range of approximately 3-cus and enhanced production during stress, in which tempo-
47 pmol L1, Hence, our simulated fluxes may be slightly rally, i.e., during strong nutrient limitation, the production ra-
higher here, despite comparable seawater concentrations, dtie kppis close to the one suggestedImythe-Wright et al.
to a stronger saturation anomaly. Since the simulated conf2006 (see Fig.4b andStemmler et a).2013. Our exper-
centrations (and fluxes) along the ship track are higher thafiment Opt2 shows that the biological contribution is much
in other oceanic regions (see FitDa, e, i and d, h, I), the lower, i.e., 173 Ggyr'. Two aspects explain the difference.
global flux is subsequently lower than the estimateSingh First, the maximum concentration in Opt2 is lower than the
et al.(1983. observed maximum of 40 pmolt. SecondSmythe-Wright

Campos et al(1996 measured Chl in the North Sea and et al.(2006 assume that these high concentrations prevail all
reported sea water concentrations of 3—-14pmdlLThey  year long, whereas the model simulation resolves an intra-
estimated an average annual flux of 374.8 pmofim?. annual variation. Since in Opt2 the majority of the flux is
This value is close to those simulated in the North Seawithin the region 40N-40° S, the global emissions are only
(though the model is not meant to reproduce conditionsmarginally higher (218.6 Gg y#, Table2).
there), and at the same time close to the global mean value The global emissions estimates Bytler et al. (2007
of simulated annual mean emissions (e.g., 385 pmdlinT?! are based on observed glHrom seven ship cruises from
in Opt134). It is only by chance that extrapolating the value1994 to 2004, covering all seasons. They cluster the re-
found in the North Sea to a global GHflux, assuming a  sults into fluxes of four types: “Tropics”, “Southern Ocean”,
globally homogeneous distribution, leads to a value similar‘Gyres”, and “Coastal waters”. The measured atmospheric
to the simulated one, as the assumption is invalid. concentrations are consistent with the ones used in this study.

| Optl @ Opt2 @ Opt3 G- Optd Opt134 "'0"'0pt24‘

. S —
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Figure 12. Emissions into the atmosphere (pmotfrh—1) in Opt4 (a—c), Opt134(d—f) and Opt24g-i) in DIF(a, e, i)and in JIAC, g, k);
annual meaic, f, i).

They calculate mean fluxes of 542 pmotfh~1 for the predicted values (6-9 pmoltl). The simulated values are
“Tropics”, 708 pmol nT2 h~1 for the “Southern Ocean”, and in the range of observations, despite being at the lower end.
583 pmol nT2h~1 for the “Gyres”. These values are compa- Simulated fluxes are thus lower than those deriveddiyes
rable to the simulated fluxes, though the regional distributionet al.(2010.
(i.e., the ratio between the defined clusters) is different for As the emissions calculatediiska et al(2013 are based
different experiments, and shows a clear seasonality. Alsopn observed atmospheric and oceanicsCtbncentrations,
their global estimate here for the open ocean is lower tharand our simulations predict concentrations that are close to
our simulated value, due to the seasonal and spatial variabithe observed values, and use observed atmospheric concen-
ity. In detail, e.qg., their value for the Southern Ocean is deter-rations as the upper boundary conditions, the global emis-
mined from ship cruises in November—-December 2001 andsions are similar (Tabld). Differences occur in particular
February—April 1996. Our simulation suggests that concenwhere gaps in the observations were filled by an interpola-
trations and fluxes are higher in these months than in austion method. For instance, in the central to western Pacific
tral winter. They furthermore do not cover the winter seasonOcean (approximately 10-48, 90-180 W), where no ob-
in the region, where the model predicts subsaturation of theservational seawater concentrations were available, a local
ocean by CHlI. It is thus consistent that our simulated global maximum is predicted, which is not reflected in our model;
values are lower than the estimate8uitler et al.(2007). by contrast, a local minimum is simulated here. Also, in the
Jones et al(2010 estimate regional emissions from the Indian Ocean, the emissions calculatediska et al.(2013
oligotrophic and mesotrophic open ocean, shelf, coastalrely solely on the extrapolation method. Here, their clima-
and upwelling regions from simultaneous measurements ofological flux is characterized by a distinct north—south gra-
seawater and air concentrations during two ship cruises irdient, with high values in the south. Though the gradient in
the North Atlantic in June—July 2006 (shelf, coastal, andtheir estimate by construction arises from remote observa-
upwelling are not listed in Tabld). Their mean seawa- tions, itis supported by the model simulations that also often

ter concentrations in the oligotrophic ocean are 6 pmadlL
whereas the model predicts approximately 3 pmdl.Lin
the open ocean between 15 and°R5 they find on aver-
age 16 pmol L1, while our model predicts 1-4 pmofil.
Also, concentrations in the open Atlantic (5358 are of-
ten higher in the observations (10.5, 3—21 pnot)than

Biogeosciences, 11, 4458476 2014

predict a similar north—south gradient. In the climatology by
Ziska et al (2013, polar regions and the tropics are mostly in
equilibrium; this is also the case in Opt4. Another prominent
feature of their flux distribution pattern is the difference be-
tween the eastern and western Pacific at the lower latitudes
(approximately 35S-3% N), characterized by high values
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in the east and low values in the west. This is also partly seemluction. The model results obtained do not contradict all
in the model results, e.g., in boreal winter in Opt134, despitethese previous findings. Including the photochemical path-
differences in the exact location of maxima in the eastern Paway alone reflects the global observed distribution patterns
cific (see above). reasonably well, if the availability of DOC is not limiting

One feature that is simulated but not considered in mosthe process. Depending on the region or season, however,
global estimates (apart frodiska et al, 2013 is the reversal  photochemical or biological production may dominate. For
of the gas exchange. It is unclear whether the ocean can adstance, in the Southern Ocean, the model suggests that bi-
as a sink for methyl iodide in certain locations and seasonsological production is dominant only in austral spring, while
As the model uses temporally constant atmospheric boundin the equatorial Pacific, C#l is biologically produced all
ary conditions based on observations with gaps filled by in-year round. It is thus not surprising that correlations between
terpolation Ziska et al, 2013, and as these observations in methyl iodide and biotic or abiotic factors are not robust
that region are particularly sparse, the robustness of the feandicators for determining the source of glHThe experi-
ture is uncertain. However, negative saturation anomalies irment where, e.g., only the photochemical pathway is consid-
cold low-light waters in the Greenland and Norwegian seasered, gives an equally high correlation coefficient of {TH
were reported byHappell and Wallac€1996. They mea-  with irradiance and phytoplankton, and in certain months
sured a mean atmospheric concentration of 2.4 pmotfyol  with low irradiance, the correlation coefficient is even higher
which is more than double the value we use in our simula-with phytoplankton. This is in line witiAbrahamsson et al.
tions. We therefore believe that the reversal is indeed a feaf2004); based on observations, they conclude that chloro-
ture of low production, rather than caused by overestimateghyll ais not an adequate proxy for the production of organic
air concentrations. halogens.

To sum up, simulated fluxes are consistent with fluxes cal- Despite the generally good agreement between model and
culated from observed concentrations in the marine boundarpbservations, there are still some uncertainties that are related
layer. Deviations from our calculated global emission andto regions where data are sparse (e.g., the Indian Ocean), or
the estimates derived from extrapolating local fluxes to thewhere seasonal variability is strong and the temporal resolu-
global scale are minor, considering the spatial and temporalion of observational data is insufficient (e.g., in the Southern
variability of the fluxes. Ocean). This is particularly crucial if the goal is to quan-

tify emissions of methyl iodide. Our model results show that,

globally, a net flux of methyl iodide from the ocean into
4 Conclusions the atmosphere takes place; however, on the local scale, the

ocean can act both as a source and a sink of methyl iodide to
In this study, we show simulated global distribution patternsthe atmosphere. A flux from the atmosphere into the ocean
of CHzsl and air—sea fluxes. Different production pathways of takes place during the winter months at high latitudes of the
CHal, i.e., biological and photochemical production mecha- North Atlantic Ocean. This seems to be a robust feature, be-
nisms, are considered. This is the first study siBe# et al. cause all model experiments show a net uptake ofIGii
(2002 that assesses marine emissions ogldddsed on pro-  the ocean, regardless of the production pathway. So far there
cess parameterizations of its sources and sinks in the opemave been no observations that support or contradict this find-
ocean. The evaluation of all model experiments with an avail-ing. We thus strongly suggest performing measurements in
able global observational data sg&tgka et al, 2013 reveals  this region to test the performance of the model. A weak-
that best agreement on the global scale is achieved when phaess of our current approach is the assumption of constant at-
tochemicals from refractory DOC or both photochemical andmospheric concentrations that are used for the upper bound-
direct biological production are considered. Specifically, theary condition. At least at high latitudes, strong seasonal vari-
photochemical degradation of refractory detritus contributesability can be expected. Using a coupled ocean—atmosphere
to 70 % of CHl production; biological production by pico- model would account for this temporal variability.
cyanobacteria, including enhanced production during stress, Overall, we find significant differences in the emissions
accounts for the remaining 30 %. This pathway has been probetween the different model experiments. The production
posed byHughes et al(2011) based on laboratory experi- pathway is thus important for quantifying the air-sea fluxes.
ments. Global methyl iodide concentration can be reasonably well

Our findings shed some light on the source mechanismsepresented using time-averaged surface shortwave radiation.
of CHal. Previous model studie®8¢ll et al, 2002 and field  On aregional scale or at specific times, however, other source
observations (e.gHappell and Wallacel996 Chuck et al, mechanisms can become dominant.

2005 Smythe-Wright et a).2006 Wang et al. 2009 have
suggested either a photochemical or biological source of
CHal. In a recent model studytemmler et al(2013 have
shown that the observed vertical glHprofile in the tropi-
cal eastern Atlantic can be best explained by biological pro-
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