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l.INTRODUCTION

Gases such as carbon dioxide, methane and nitrous oxicle have bcen idcntifìecl as impclrtant grcenhouse gascs.

Othcr gascs arc important fbr climatc bccause ol thcir role in cloud tbrmation (e.g.. dimcthylsulphide or DMS)

or in chemical reactions involvin-s ozonc (e.-u.. methyl bromide). The occans act as a reservoir lor such -sases.

providing both a source ancl a sink. For poorly solublc gases, the exchange between thc occan and the

at'nospherc is slow. The rate ofexchange ofcach gas is cxprcsscci in an exchangc coefñcient. the air-sea transIcr

lelocity, which (at least lor poorly soluble ancl unreactivc,uascs) depcnds on molccular and turbulcnt transf'er in

thc sca surface micro-layer. The valuc ol air-sea transler velocitics and their dcpcndcncc on cnvironnlcntal

conclirions is only known approximately ILiss and Merlivat, 1986; Watson et al., 199 l;Wanninkhol' 1992].

Breaking waves are a major but as yet poorly understood fìctor.

Most theories oIthc transfcr oIgas acr<¡ss thc marinc micro-laycr are based on in the dcscription oltransport in a

turbulent shear layer. Consicleration of shear-produccd turbulcncc alone appcars mistaken when in most sca

conditions wave breaking will greatly influcncc thc charactcr of sub-surtace turbulence IKitaigorotlskii. 1984]'

In the pararnctcrisation ol gas transl'cr velocities propose<J by Liss and Merlivat [1986ì' a "wave brcaking

regime'; at wind spceds greater than l3 m/s is transposcd lrom wind tunnel results. Howeve r, thcre is no prina-

lZrcic cviclencc to suppose that wavc brcaking will be unimportant at moclcrate'"vind speeds (much lcss than l3

m/s)

Three quite distinct mechanisms ol gas transfèr are associatcd with large-scale wave breakin-v and air

cnlrarnment:
( l) Transler associatccl with patches of turbulence in thc uppcr ocean generated by breaking waves

IKitaigorodskii, I 984].
(2) Transf'er mediatecl by bubbles, wherc gas is within a bubblc during an interval of its exchange between

atmosphere and ocean [Merlivat and Memery. 1983].

(3) Transfer across the sea surface where the micro-layer has bcen disrupted by bubbles burstin-e at the sea

surface [Monahan and Spillane, 1984].

The principal aim of the LUMINY project is to understand and quantify the effect of breaking waves on gas

transfer through the sea surface micro-layer in terms of environmental parameters that are routinely available

(e.g., wind, atmospheric stability and sea state) and in terms of satellite measurements (e'g., radar backscatter

and microwave brightness temperat.ure). The results will be used to develop parameterisations that can be used to

better incorporate the influence of the oceans in global climate models, and to relate satellite observations to gas

exchange. Breaking waves have a distinct remote sensing signature from other sea surfäce roughening and the

parameterisation of effects of breaking waves could be combined with remote sensing infbrmation fbr global

meûsurements of air-sea gas exchange.
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2. APPROACH

lhc 
ma-ttlr drivin-s fìlrcc in thc exchange ol'gases bctwcen thc u,ater surlìice and thc atnlosphcrc is thc clifferenceln concentratton (or partial pressure) dC. ol'-gas x bctwecn the atrxosphcric anci occanic conrpartments. or thedeviation of'thcsc conccntrations liom thcir valucs at oceanic equilihrium concentrations wrth thc atmosphere.Thc constant ol proportionality, or exchange coclficicnt K,. in ihcsc llux calculations is the factor that needsparamcterisation: F=K. dc.. In the fielcl it is usually clil'flcult to measure. control ancl obscrvc thc cclmbination ofptralnctcrs that influencc the nrass transftr coef'l-icient K. across the watcr-atmosphcrc intcrface. Hou,ever, inlaboratory cxpcriments the govcrnin-s paramctcrs can bc controlled. Thus thc lnclivirjual processes can bcsimulated in an idealisecl situal.ion and the efJècts on the transl'cr cocffìcients of paramctcrs lrke wa'c hei-uht.bubblc I'luxes. u'ind vclocity ancl air and water tcrnperaturc can be cletcrminccl Thc inllucnce 

'l'incjiviclualparamclcrs orcombinaticlns of paratneters can be dccluced bv varying each of'these in turn.

A serics tll cxpcrintents, supportccl by a strong moclellin-s e-lfìrrt, was carric<J out in thc lar-sc air-sea interacticlnsimulation tunncl <lf thc Insritut dc Recherchc sur lcs Phénomòncs Hors Equilibrc. Labclrat<lire Interactionsocóan-Atmosphèrc clc Luminy (IRPHE-IOA) (Marseille. France ) [Bonnrarin and Ranramonjiarrisa. 1985] In rhetunnci' û cluite rcalistic. mature wavc frclcl inclucling brcaking wa'es \!'as -ucncratc<j by a combination ol.tncchanical wavc seneration ancl wincl str-css. Furthcr, whitecapsl,cre simularcJ rvirh bubbles gcncratccl usin-s asubntcr-ccd grid of'acration cle vices.

A nunrbcr of'tcst -tases wcrc introcluced in the watcr or in thc air nncl thcir concentrations werc measured to
f'er between air and rvatcr: carbon dioxicle (CO:). nitrous
. mcthyl bronticlc (CHrBr). :l_hclium lrHe) ancl sulphur
IuhiIitics and ln.rccurar dif'rusivitics. Thc trimcnsi.nrcss

r, to 0. I4 nrol.clm'r atm' f'n,.DMS ancl thc ntolccularrsrlirrDMS.

M.ciclìing is ccntral to dcvcloping the chief'. final pr.clucts - an inrpr,ved par'*ctcrisation of air-sca _uas transfcrvclocitics' and a practical algorirhm - by cornbinin-g our fìndin-us with modcls ol brcaking wavc ficqucncy. ancJother sa.s transf'cr mcchanisms. Modcls arc devclopccl ro dcscribc thc ph_ysics ol.thc obscrvccl proccsscs anclundcrstand thcir rclcvancc ftrr clintate. Bubblc-mcrJiatccl trrnsf'cr infcrrccl fror¡ rhe mcasurcmcnts will bccomparL-d to cstilnates frorn thc nlcasurecl bubblc clistributions and thcorctical tmnsf'cr cocll'icicnts. Als<¡. a scmi-cnlpiricll moclcl tlf gas tr¿rnsf¡r ratcs is appliccl to thc mei.ìsurccJ gas transfcr vcl6citics with tcrms dcscribing thcthc<lrctical dcpcndence tlf translcr on the solubility and mc,lc.ul-a, clif'fusion constant.f'the 
-sases in the water.

and cr¡cf'fìcicnts dctcrminccl by fìttin-e thc nlodel to thc mcasurcmcnts M.dclling ìs-rìr,,'r.qu,r.cl t. ¿cterrninc
thc cf'fcct o1'dif'l'crcnccs bctwccn laboratory ancl f icld condirions (c.g.. thc f'lux anidispcrsion of small bubblcs¡.

3. RESULTS

Tw'o cxpcrinl nductcti in thc IRPHE-IOA Lar-sc Air-Sca Intcraction Sinrulation tunncl. A pilotcxpcrimcnt w t during threc wccks rn Scptembcr 1996, as a prcparation fbr the Main Experinrentfrom thc third ruary unlil the f rrst weck of April, 1997. Diff'crcnt conclirions wcrc esrablishcd in thetunncl as rc-ua wincl spced, thc usc ol pacjrJle-gcneratcd wavcs ancl thc usc ol'bubbles. Sonlc of theconditions w,c vcral tirnes.

Gas exchange

Thc 
-eas exchan-ue rates werc determinecl from the variation of the concentrations in the watcr ancl in the air using

three dif'fercnt methods. An analytical moclel was <Jevclopecl ar TNo that clescrihes the cxchan-se of _uas between
the water and air sections ol the tunnel ancl the leaka-ec fìom thc air secrion to rhe laborarory IKunz. l99g]. Af,terdetermination of the tunne I leaka-se rate with this módel. it was appliecl ro col clata. As sh,rrun in Fi-uure I, themodel appcars to describe the transfer rates well, even though cÀemical buflcring \\,as not accounted for. Theeflect olchcmical reactions in the water phasc on the 

-eas traniler rates, as dcterminecl with the analytical mo¿el,still need to be determined.

A four-rescn'oir model u,as cleveloped that nor only takcs into
the laboratory. but also exchange between the laboratory and
chel¡ical buf'lcring in the water phase. data on the pH andtotal
CO, cxchan,ec coc l'îic ients.

account the lcakaee of'the tunnel head space to
the atmospherc. In adclition. to account for the

inor-uanic carbon (TICI are uscci to determine the
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Results assemblccl on NlO show rh¿rt borh rhc paclcllc wave an<J thc bubbles generatecl artificially with the

aeration dcviccs do cnhänce the gas translcr rclocitv ovcr that measurccl rvith wind waYcs alone. Thc eft-ect ol

rhc artilicial bubblcs is largcr than thc e ll'ect oi thc padclìe wave, lcadin-e to the conclusion that wind velocity

alonc ciocs not wcll rcprescnt thc gas cxchange process in the wind rvave tunncl

The third el-f'ort considcrs only thc concenrralions ol thc -gas in the watcr phase, and its timc cvolution as

dcrerntineci by thc concentrations in thc water and in the air. Pairs of invasion experiments with the aeration

clcviccs fèd scc¡uentially irom outsiclc of the laboratory and from thc head space werc contlucted tor fbur

diflèrcnt combinations olrvincl. waves ancl bubble flow rate. As an example, tirne scries of C" and C," fbr He and

SF6 lbr such a paircd cxperiment. at 2.5 m/s winil spcccl, are prescnte<J in Fi-sure 2. Thc analysis of such data

shows that thcre is a Very strikin-c clif'fèrence in behaviour between very poorly soluble -uascs 
(e.g, sulphur

hexafluoride and heliurn)ancl rnore soluble gases (e.g., methyl bromide)

SF6 and tl€lium: 20 Mârch 97
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Fi-sure 2. Conccntrations ol Hc and SFr, in watcr

and in air, mcasureci t a wind spccd of 2.5 m/s. Thc

lhs pancl shows data obtaincd rvith bubblcs aeratcd

with air tìom outside the tunncl air spacc, in the rhs

pancl thc air is acratcd f'ronl the tunncl hcad spacc
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Figurc I : Gas conccntrations calculatcd f rom the

lnalytical nroclcl lsolid lincs) and mcasurcd 
-9as

conccntrations (symbolsl in thc hcatl spacc(+) and

in thc watcr ( I ). Data of' 2ll Fchruary 1997 .

Wave breaking

Thc clf'ects ol'bubblcs ancl turbulcncc wilt be relatecl to wavc brcakin-s propcrties. A stron-g cf'l'ort has becn madc

to char¿rcterisc wavc brcaking ancl winci stress [Caulliez et al., l99tì], to determine whitecap coverage' and to

study propcrries oi bubbles ancl bubble plumes. As illustrirtcd in Figurc 3, the wave breaking rate appears to be

closcly related to the friction velocity u-. inespectivc the wave conditions at thc surf-ace. This somewhat

surprising rcsult suggests that at high wincl speeds in the tunnel the turbulent momcntum transfèr processes

throughout the air surface bounclary layer are to a large extent controlled by breaking phenomcna at the water

surface.

Bubbles

Bubble size distributions were determinecl with different optical techniques that were later compared and inter-

calibratecl in a separate laboratory experiment at TNO-FEL. The bubble video ima-eing system (BVIS) was used,

among others, to monitor characteristics of bubble plumes resulting lrom waves breaking at t'etches lrom 17.5 m

to 25 m E,normous variery was observed f-rom plume to plume in regards to bubble dcnsity' plume physical

¿imensions. the intensity ancl extent of both structured and unstructure<j turbulencc, and in<juced fluid tlows
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lcading r() clivcrsc crolutionary paths An cxanrplc bubble
turbulence ancl rhc high bubblc dcnsiry r.r,ithin rhc plume.

plume is shown in Figure 4. illustrating structured

l[rms

l3m/s

lam,5 + p:d,le 
^J!(,

I im,. , D.¡d Þ dav;

Ef'fècts of brcaking waves arc quantificd throu-lh laboratory experiments in thc IRpHE-IOA Large Air-Sca
Infcraction Sinlulatitln tunncl. Thc clf'ccts ol'bubblcs ancl shcar-gencratecl turbulcncc on gas exchange are
dctcrminccl frclnl conrbinations of'expcrirncnts untlcrcontrclllccl conditions. The analysirãitnc wavc dara has
rcsulted in a bcttcr unrlcrstandin-s of'thc cf'lccr olshear on brcaking waves. Extcnsivc rcsults arc availablc on
transf'cr ratcs ol'climatoltlgically rclcvant -tases. in conrbination *ith *ou. brcakrn-s rcsults, lricrion vclocitics,
bubblc sizc distributions and bubblc plumc churactcristics Mcthclcls havc bccn dcrãlope<J to measurc bubblc
plunlcs and size distributions. ancl initial attcnlpts havc becn macle to apply thcsc tcchniqucs at sea. Moclcls arc
bcin-u dcvclopecl ttl dcscribc thc alr-sca transfcr proccsscs ancl to cvcntually <Jcvclop pararncterisati'ns that can
hc used in clirnatc mode Is and in remotc scnsins alcorirhnrs
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