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WR 2010-01 Dynamis of the marine atmospheri boundary layer at high wind onditions
AbstratThe impat of oean spray on the dynamis of the marineatmospheri boundary layer (MABL) in onditions of veryhigh (hurriane) wind speeds is investigated. To that enda model of the MABL in presene of sea spume spray isonstruted. The model is based on the lassial theory ofthe motion of suspended partiles in a turbulent �ow, wherethe mass onentration of droplets is not mandatory small.A desription of the spume droplets generation in the modelassumes that they being torn o� from breaking waves areinjeted in the form of a jet of spray into the air�ow at thealtitude of breaking rests. The distribution of droplets insidethe jet is proportional to the radius to the power 2; the totalprodution of droplets is proportional to the length of wavebreaking fronts. Droplets a�et the MABL dynamis in twoways: via redistribution of the momentum between droplets

and air forming the so-alled spray stress, and via the impatof droplets on the turbulent mixing through strati�ation. Thelatter is parameterized through the extension of the Monin-Obukhov similarity theory. At high wind speeds the tearing o�shortest breaking wave rests results in the appearane of thenear surfae sheet of spray with the mixture density exeedingthe air density in few times. The spray stress mehanism per seleads to the inrease of the momentum �ux in the MABL. Thedominant impat of droplets on the MABL dynamis appearsthrough strati�ation. That leads to the suppression of theturbulent mixing and the momentum �ux in the MABL and,as a onsequene, to the aeleration of the wind veloity andthe suppression of the sea surfae drag. Model results areonsistent with observations.
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WR 2010-01 Dynamis of the marine atmospheri boundary layer at high wind onditions1. Introdution
As a result of inreasing frequeny and intensity of tropialylones (see, e.g., Blak et al., 2007), an aurate foreastingof ylone evolution and oean response is beoming ofpriniple importane in redution threats to human livesand property in oastal regions. The energy exhange at theair-sea interfae is one of major physial proesses governinghurriane intensity hange. The air-sea exhanges of heat,moisture and momentum determines how hurrianes gaintheir strength and intensity from the oean (Blak et al., 2007).On the other hand these exhanges, of momentum in the�rst plae, determine the response of the oean resulting instorm surges, waves and urrents. While e�orts to foreasthurriane traks have improved greatly, the ability to foreasthurrianes intensity has shown little skill (Blak et al., 2007;and referenes there). Understanding and a proper desriptionof the air-sea exhange proesses is thus ruial in inreasingquality of the tropial ylones modeling.The present study is aimed at better understanding of theexhange of momentum in hurrianes.There is indiret evidene that at hurriane wind speeds thedrag oe�ient does not inrease with the inreasing wind.Modelling studies of the tropial ylone storms (e.g., Emanuel,1995; Frank, 1984; Kaplan and Frank, 1993) showed, thatylones annot attain their observed intensity with traditionalparameterizations of the drag oe�ient, and it is neessaryad ho to redue the drag. Emanuel (1995) showed, thatthe intensity of hurrianes depends on the magnitude of thesurfae exhange oe�ients; in partiular, the maximumwind speed in hurrianes depends on the ratio of enthalpyto the momentum exhange oe�ient. That should be inthe range 1.2-1.5 to explain the observed winds. The valueexeeds twie a value if a traditional parameterization of thedrag oe�ient (linear inrease with the wind speed) is used.The saturation of the surfae stress with an inreasingwind speed is impliitly supported by the satterometermeasurements. Data by Donnely et al. (1999) on the C-bandoean baksatter at high wind onditions learly showed asaturation of the baksatter power at the wind speed exeeding25 m s-±. The relation of the surfae geometrial roughness(height of short waves that satter the radio waves) to the windsurfae stress is not obvious. However, if suh relation doesexist, the saturation of the baksatter at high wind speedpresumes the derease of the surfae drag oe�ient.

The �rst experimental evidene of the saturation of the surfaedrag at hurriane wind speeds was reported by Powell et al.(2003). They obtained the wind veloity pro�les by releasingGlobal Positioning System drop wind sondes in tropialylones and found, that the drag oe�ient levels o� andstarts to derease with a further inrease in the wind speedabove the hurriane fore of about 34 m s-±. This is ontrary tothe traditional parameterizations that predit inrease of thedrag oe�ient with an inreasing wind speed, and supportsthe ad ho apping of the drag oe�ient used in the hurrianemodeling.Jarosz et al. (2007) used the so-alled "bottom-up" determina-tion of the air-sea momentum exhange under extreme windonditions. This method is based on urrent measurements inthe water olumn below a passing tropial ylone. The dragoe�ient is then obtained from the along-shelf momentumbalane. The authors on�rmed the �nding by Powell et al.(2003): the drag oe�ient peaks at a wind speed near 32 ms-± and then steadily dereases as the wind speed ontinues torise.Powell et al. (2003) speulate that inreased foam overageresulting from intensively breaking waves ould progressivelyform a 'slip' surfae at the air-sea interfae that leads to theredution of the sea drag at the wind speed above 40 m s-±. Inaddition sea spray is hypothesized to signi�antly in�uenethe transfer of momentum. Their evidene is ited: 'As thewind approahes 50m s-±, the sea beomes ompletely overedby a layer of foam and it is di�ult to disern individualwave-breaking elements in the redued visibility from sprayand rain'.State of the Sea Card desribes this regime (wind fore 12,wind speed greater than 31 m s-±) as: 'The air is �lled withfoam and spray. Sea ompletely white with driving spray;visibility very seriously a�eted.'Postulating that oean spray is responsible for the peuliarbehavior of the drag oe�ient at hurriane wind speeds wearrive at a lassial problem of the two-phase �uid dynamis.Lighthill (1999) postulated 'the need to �ll gaps in knowledgeabout oean spray at extreme wind speeds'. He himself wasinterested in the impat of spray on the thermodynamisof tropial ylones. His study was aimed at estimatingthe probability distribution for the height of a partiular
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WR 2010-01 Dynamis of the marine atmospheri boundary layer at high wind onditionsspray droplet after it leaves the oean surfae. He used anapproah, whih he alled 'somewhat intermediate betweenthe two' (statistial theory of turbulene and the Monte Carlosimulations of droplet trajetories).In the present study we are interested in the impat of sprayon the dynamis of the atmosphere, in partiular, on theresistane of the sea surfae. That is why we keep staying withthe approah based on the statistial theory of turbulene andwill not disuss other approahes.The theory of the motion of suspended partiles (spraydroplets in our ase) in a turbulent �ow of inompressible�uid (air in our ase) was developed by Barenblatt (1953,1955) and Kolmogorov (1954) (see also monographs by, forexample, Azbel (1981); Barenblatt (1996); Monin and Yaglom(1971); and the literature ited there). The fundamentalpostulate of the theory is the assumption that the size of thesuspended partiles is small in omparison with the lengthsales of turbulene. That permits to assume that they form aontinuous distribution of mixture in the basi �uid (Moninand Yaglom, 1971). The density of the mixture is written inthe form
ρ = ρa(± - s) + ρws = ρa + (ρw - ρa)s, (1.1)where ρa and ρw are the air and the water density, s is the volumeonentration of droplets. The Boussinesq approximation isused; that is the density variation (mass onentration)(ρw - ρa)s

ρa = σs ≪ ± (1.2)is assumed to be small and is aounted for only in termsrelated to the ation of gravity, i.e. the buoyany fore termin the equation for the turbulent kineti energy (TKE). Here,
σ is the relative exess of the partile density over the �uiddensity and σs is the mass onentration. For the same reasonthe impat of partiles on the momentum balane equation isomitted.The approah was suessfully applied to several two-phasegeophysial �ows, e.g., dust storms (Barenblatt and Golitsyn,1974), silts on beahes, oean �oor and river beds (Bagnold,1962; Bridge and Domini, 1984), drifting snow (Bintanja,2000) and others (see original iting in mentioned referenes).The essene of the theory is that partiles being embeddedinto the �uid �ow form a stable strati�ed layer that damps theturbulent mixing and results in aeleration of the �ow.It is rather surprising that the appliation of the approah tothe problem of sea spray in hurrianes was overlooked forquite a long time, may be beause of the lak of observations.The �nding of Powell et al. (2003) boosted up several theoreti-

al studies aiming at the explanation of the observed redutionof the sea drag. Makin (2005) (hereinafter M05) suggestedthat at high wind speeds above 30 m s-± a thin (with thiknessless than the signi�ant wave height) atmospheri boundarylayer adjaent to the surfae turns to a regime of limitedsaturation by suspended light sea droplets (dimensionless fallveloity ω = a/κu* < ±, where a is the terminal fall veloity,
κ is von Karman onstant and u* is the frition veloity).At this regime the Rihardson number in this layer reahesthe ritial value. That results in a redution of the surfaedrag and aeleration of the air�ow. Using the solution byBarenblatt (e.g., Barenblatt, 1996) for the �ow in a regime oflimited saturation and some empirial knowledge he managedto explain the redution of the drag oe�ient, as observed byPowell et al. (2003). However, the assumption that the �owturns into that regime near the surfae is questionable.Barenblatt et al. (2005) applied the general theory of sus-pended partiles in the turbulent �uid developed by Barenblattand Kolmogorov. They assumed that large droplets (ω ≫ ±)play the dominant role in the dynamis of the air �ow andshowed that the redution of the turbulene intensity leads toa sharp �ow aeleration. They suggested a "sandwih" model,where droplets form a thin layer with a onstant onentrationjust below the height of breaking waves. Beause the onen-tration of droplets vary fast with height, there exists a sharpupper boundary of the oean spray, and the aeleration of theair�ow is on�ned to that layer. However, the hoie of theparameters they used in their example is questionable.Kudryavtsev (2006) (hereinafter K06) followed in generallines the approah by Barenblatt and Golitsyn (1974) anddeveloped a more elaborated model. He suggested that thee�et of sea droplets on the turbulent marine atmospheriboundary layer (MABL) is similar to the e�et of temperaturestrati�ation. Both a�et turbulene by the similar manner- through the buoyany fore. K06 suggested to adopt thewell established universal funtions of the Monin-Obukhovsimilarity theory for the stably strati�ed boundary layer todesribe the dynamis of the MABL in presene of spray.This approah was also used by Bye and Jenkins (2006) intheir study of the surfae drag at high winds. K06 found,that sea droplets of the observed onentrations annota�et the MABL dynamis, unless one assumes, that theyare injeted into the air�ow well above the sea surfae ataltitude of breaking wave rests. In order to take this intoaount K06 introdued the volume soure of droplets in theonservation equation for spray. This term is proportional tothe length of wave breaking fronts and models the generationof spume droplets, whih being torn o� from wave rests arethen injeted into the air�ow at some altitude. As shown,spume droplets may signi�antly a�et the turbulent mixingat strong wind speeds leading to aeleration of the nearsurfae wind speed and redution of the surfae drag, similar
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WR 2010-01 Dynamis of the marine atmospheri boundary layer at high wind onditionsto that as observed by Powell et al. (2003). However, K06notied that results of his model depend signi�antly on thedroplets radius, whih was imposed (though in aordanewith observations) and assumed independent from the windspeed . Drawbaks of suh assumption was reently argued byKudryavtsev and Makin (2009) (hereinafter KM09). The otherproblem mentioned in K06 is that when the e�et of dropletson the surfae drag beomes signi�ant, the ontribution ofdroplets to the mixture density beomes large and omparablewith the air density. Therefore, the question how does the�ndings by K06 orrespond to the reality remains open.On the ontrary to the referred above papers Andreas (2004)ignored the e�et of sea spray on the atmospheri strati�ationand foused on their impat on the momentum balane in theatmospheri boundary layer. In the droplet evaporation layerhe split the total stress into turbulent and spray supportedparts. He postulated a heuristi relation for the surfae spray�ux; assuming its exponential deay with height he showed,that spray slows the 10-m wind by over 3 m s-±. This is anopposite behavior to what was found in ited papers above.As found, at the wind speed of 30 m s-± and less the e�etof sea droplets on the surfae momentum �ux is negligible.However, due to a strong wind speed dependene of the seadroplets prodution their impat rapidly inreases, and at thewind speed of 60 m s-± sea droplets dominate the surfaemomentum balane and redue the drag oe�ient. Andreaspoints out that this result does not orroborate or vie versa theresults by Powell et al. (2003) as they analyze di�erent dragoe�ients. Andreas's drag oe�ient models the surfaestress that supports the fritional drag of the air, while Powellet al. (2003) relate the total surfae stress to the wind speedand thus analyze the lassial drag oe�ient. It seemsquestionable that the orret desription of the atmospheriboundary layer with droplets ould be done negleting thee�et of droplets strati�ation.We also mention a pioneering study of the aerodynamiroughness of the water surfae at extreme winds in thelaboratory onditions as reported by Donelan et al. (2004).They also observed a saturation of the surfae drag at the windspeed exeeding 33 m s-± but for a di�erent reason than inthe open oean. In the laboratory onditions spray does notplay a signi�ant role in the dynamis of the air �ow. Theseparation of the air�ow from ontinually breaking rests issuggested as a mehanism leading to the redution of thedrag oe�ient. This mehanism is explained by theoretialstudies by Kudryavtsev and Makin (2007) (hereinafter KM07)and Kukulka et al. (2007).The goal of the present study is to developed a model ofthe impat of oean spray on the dynamis of the MABL bygeneralizing our previous studies (M05; K06; KM07; KM09).The study is motivated by the following reasons. First, the

assumption that the mass onentration is small (σs ≪ ±)loses its validity, when the onentration of droplets beomessigni�ant. The momentum equation for the water-airmixture should be free of suh restrition. Seond, the impatof droplets on the atmospheri boundary layer dynamis isdetermined by their sale/radius. Therefore, a spray modelis needed to desribe onsistently the droplets generationand their e�et on turbulene. Third, most of droplets areprodued by the wind tearing o� the breaking wave restsgenerating spume droplets. In the same time the air�owseparation from breaking waves a�ets the aerodynamisurfae roughness. Therefore, a MABL model should take intoaount a dual e�et of breaking waves that form the surfaedrag and produe spume droplets and that , in turn, a�ets themomentum and the TKE balane in the MABL.
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WR 2010-01 Dynamis of the marine atmospheri boundary layer at high wind onditions2. Mass and momentum balane inpresene of oean spray
The present study is based on the lassial theory of the motionof suspended partiles in a turbulent �ow of inompressible�uid developed by Barenblatt (1953, 1955) and Kolmogorov(1954). The main assumptions of the theory are the following:(i) the size of the suspended partiles is small in omparisonwith the length sale of turbulene and (ii) the aelerationof the �uid and partiles is small in omparison with theaeleration due to gravity. As a onsequene of the latterassumption the horizontal veloity of droplets uw±,² oinideswith the horizontal veloity of the air ua±,², and the vertialveloity uw³ di�ers from the vertial veloity ua³ of the air by aonstant value of the terminal fall veloity of droplets a, i.e.uwj = uaj - aδj³, (2.1)where j = ±, ², ³. Finally, (iii) the volume and mass on-entration of droplets in the air is small, i.e. σs ≪ ± ands ≪ ±.In the present paper the mass onentration of droplets σsis onsidered to be not mandatory small; this is the onlydi�erene with the lassial formulation of the problem.Thus terms of order σs are not negleted in the momentumonservation equation (the non-Bousinesq approximation) asis done in the original formulation.2.1 Governing equationsThe governing mass and momentum onservation equationsfor a two-phase �uid free of the ondition σs ≪ ± are givenin the Appendix. The equations are written in the Cartesianoordinate system; their diret appliation for the MABL abovethe wavy surfae is not straightforward. A ommon onventionis followed through this study: the averaged momentum andmass onservation equations over the mean water surfaethat haraterize the interation of the air�ow with the watersurfae in terms of the roughness sales are used. First, themomentum and mass onservation equations for the MABLdomain above the wave rests, where the use of governingequations in the Cartesian oordinate system is obvious, areonsidered. Then the domain adjaent to the wavy surfae,where the diret use of these equation in the Cartesian systemis not trivial and some additional assumptions are required, isdesribed. Finally, the semi-empirial momentum and massonservation equations that are valid in the full domain aboveand below wave breaking rests are proposed (see Appendixfor details).

If wind waves are represented as a superposition of the narrowband waves with the wavenumber in the range from k to k + dk,the governing onservation equations read
∂

∂z (s�u�³ - as̄) = dVs, (2.2)dVs = Fsδ(z - hb)= F°sdbLbδ(z - hb) (2.3)for mass and
∂

∂z (ρ̄u�±u�³) = -dΠs (2.4)dΠs = ∆pshbLbδ(z - hb) (2.5)for momentum. Hereinafter, the vertial oordinate x³ usedin the Appendix is replaed by z. In equations (2.2) - (2.5)s�u�³ and u�±u�³ are the turbulent kinemati �ux of droplets andmomentum; ρ̄ = ρa +(ρw -ρa)s̄ is the mean density of the mixture(hereinafter, the bar over the mean density and the meandroplets onentration is omitted); dVs is the rate of spumedroplets prodution per unit volume; dΠs is the fore per unitvolume aused by the divergene of the momentum �ux; δ(x)is the Dira delta funtion; hb is the height of the breakingwave rests related to the wavenumber as hb/² = ε/k, ε beingthe steepness of breaking waves, taken here as ε = °.µ so thathb = ±/k; Fs is the �ux of spume droplets from all breakingrests expressed through the length of breaking rests per unitarea Lb as Fs = F°sdbLb (KM09); db = ǫk-± (ǫ is a small onstant)is the thikness of the outlet of a jet of droplets injeted intothe air�ow from a breaking rest at altitude z = hb (see Figure1a in KM09); F°s is the �ux of droplets from unit area of abreaking rest;∆ps is the pressure drop on the forward side of abreaking wave. Sine sea droplets are injeted into the air�owfrom breaking rests, the droplets �ux s�u�³ at the surfae mustvanish.2.2 Droplets prodution and separation stressThe injetion of droplets presumes that they being torn awayfrom a breaking rest are further aelerated to math theair�ow veloity us in the viinity of the wave rest. As shownby KM09, the fore required to aelerate these droplets to usis ρwF°sus and equals the loal turbulent wind stress over thebreaking rest τ . Thus ρwF°sus = τ and the spume droplets �uxreads F°s = (τ/ρw)/us ∝ us. (2.6)Equation (2.6) desribes the overall (integrated over thedroplets radius) prodution of droplets from an individualbreaking rest. The distribution of droplets over size is
� � � � 5 Mass and momentum balane in presene of oean spray



WR 2010-01 Dynamis of the marine atmospheri boundary layer at high wind onditionsde�ned from the balane of the restoring fore assoiated withthe surfae tension fore ating on the droplet surfae and thedynami pressure fore assoiated with the turbulent veloitydi�erential over the droplet (Kolmogorov 1949). Applyingthe Kolmogorov-Obukhov theory of the loal struture ofturbulene for the inner boundary layer over a breaking rest,where spume droplets are produed, KM09 found, that spumedroplets injeted into the air�ow in the form of a jet have thefollowing distribution over sizeF°s = ³(τ/ρw)u-±s r-³° ∫r<r° r²dr, (2.7)where r° is the maximal radius of dropletsr° ∝ (γν/k)±/³u-±* , . (2.8)Here, γ is the surfae water tension, ν is the kinemativisosity, and u* = (τ/ρa)±/² is the frition veloity in the MABL.The pressure drop ∆ps that ats on the forward side of thebreaking wave, equation (2.5), was estimated by Kudryavtsevand Makin (2001) (hereinafter KM01) by using the analogybetween the air�ow separation (AFS) from a breaking restand a separated �ow from the bakward faing step as
∆ps = ±² ±ρu²s , (2.9)where ± is a onstant of O(±), and us is the same wind veloitysale as in (2.7).2.3 Overall impat of breaking wavesEquations (2.2) and (2.5) are valid for the narrow band surfaewaves with the wavenumber from k to k + dk. Aording toPhillips (1985) the length of wave breaking rests per unitarea Lb an be expressed through the spetral density of thebreaking fronts length Λ(k) asLb = Λ(k)dk. (2.10)In order to �nd the ontribution of all breaking waves on the"separation fore" Πs and on the total prodution of dropletsVs, equations (2.3) and (2.5) should be integrated over k. Usingthe integration variable hange x = z - ±/k and dk = (z - x)-²dxafter integration with the delta-funtion δ(x) the followingequations are obtainedVs(z) = ǫF°sz-²Λ(k)|k=±/z, , (2.11)

Πs(z) = ∆psz-²Λ(k)|k=±/z, (2.12)where Λ(k) is integrated over all diretions. A spei�distribution of the breaking fronts length Λ(k) is an openquestion. Not numerous �eld studies of the wave breakingstatistis in terms of Λ(k) (more preisely in terms of Λ(),where  is the veloity of a breaker) showed that experimentalestimates of this quantity on�rm the original idea by Phillips

(1985) that a loal balane exists between the wind energyinput and the wave breaking dissipation. Λ(k) an be thenexpressed as (Melville and Matusov 2002; Gemmrih et al.2008)
Λ(k) ∝ k-±(u*/)²B(k) ∝ k-±(u*/)³, (2.13)where B(k) is the saturation wave spetrum, and  is the phasespeed. The latter relation results from the assumption thatB(k) ∝ u*/. This relation is used here. We notie, however,that the hoie of Λ(k) may a�et the following model results.Substituting (2.13) in (2.11) and (2.12) and replaing k by ±/zthe volume soure of spume droplets and the separation foreread Vs(z) ∝ F°s u²*gz²B(k)|k=±/z , (2.14)

Πs(z) ∝ ∆ps u²*gz²B(k)|k=±/z (2.15)at z > ±/kb, and Vs(z) = ° and Πs(z) = ° at z < ±/kb. SineF°s ∝ us, ∆ps ∝ u²s and B ∝ u*/ equations (2.14) and (2.15)predit the wind speed dependene of the droplets produtionand the AFS resistane fore proportional to the power 4 and5 orrespondingly. As follows from (2.14) and (2.15) boththe volume soure of spume droplets prodution and theAFS resistane fore attenuate rapidly with height. Thus theauray of the spei�ation of the spetral shape of the peakof the wind-wave spetrum is not important. Therefore, wesimply suggest that B(k) ∝ u±°/ (2.16)at  < p, where p is the phase veloity at the spetral peak,whih is a funtion of the dimensionless feth x = Xg/u²±°; u±°is the wind speed at 10-m height. The proportionality onstantin (2.16) will be absorbed in other model onstants.The range of breaking waves ontributing to the AFS andthe range of breaking waves providing the spume dropletsgeneration is not the same. KM01 suggested that the range ofbreaking waves supporting the AFS is on�ned by the intervalk < kb ≃ ²° rad m-±. The shorter breaking waves generateparasiti apillaries; that prevents the appearane of the slopedisontinuity leading to the AFS. The shortest waves in theinterval k < kb break without the air entrainment, i.e withoutgeneration of white aps assoiated with the prodution ofspume droplets. Gemmrih et al. (2007) investigated the wavebreaking dynamis by traing visible white aps. They foundthat the veloity of the smallest white aps was about 1 m s-±that orresponds to k of order O(10) rad m-±. The range ofbreaking waves supporting the AFS is thus of the same orderbut somewhat broader than the range of waves produingspume droplets. In order to avoid unneessary ompliations,we de�ne the interval k < kb = ²° rad m-± as a uni�ed range of
� � � � 6 Mass and momentum balane in presene of oean spray



WR 2010-01 Dynamis of the marine atmospheri boundary layer at high wind onditionsbreaking waves that provide the main ontribution to both theAFS and the spume droplets prodution.The droplets �ux F°s in (2.14) is de�ned by (2.7) and depends onz via the veloity sale us and the maximal radius of generateddroplets r° de�ned by (2.8). However, as it follows from (2.14)most of droplets are produed by breaking of short waves atlow altitudes. Therefore, we may ignore the dependene of F°sand r° on z and de�ne them for shortest breaking waves, i.e., r°in (2.8) is replaed by rb = r°(kb) and us in (2.7) - by ub = us(k-±b ).The remaining question is: what is the role of dominantwaves if most of droplets are produed by breaking of theequilibrium range? Dulov et al. (2002) found, that dominantwaves strongly modulate the short wave breaking that leads toits strong enhanement on the dominant wave (DW) rest andalmost total suppression in the trough area. It is suggested,that the prodution of spume droplets torn from rests ofshortest breaking waves takes plae on the rest of dominantwaves. Kudryavtsev and Makin (2002) (hereinafter KM02)showed, that the modulation of wave breaking also leads to astrong modulation of the aerodynami roughness; that alongwith the air�ow undulation leads to a signi�ant modulationof the surfae stress along the DW. The amplitude and thephase of the surfae stress modulation are dependent on theinverse wave-age parameter u±°/p of the DW . For wind wavesharaterized by u±°/p > ±, the enhanement of the stresstakes plae on the DW rest with the ampli�ation fatorequals to (± + ǫpMτ ), where ǫp is the DW slope, and Mτ is themodulation transfer funtion (MTF) for the surfae stress. Asshown by KM02 (see their Figure 5), at the wind speed of 10m s-± Mτ varies from Mτ = ° at u±°/p = ± to Mτ = µ at u±°/p > ³.Thus for the typial slope of wind generated waves ǫp � °.±this ampli�ation fator is about 1.5. At higher wind speedsthe impat of wave breaking on the aerodynami roughnessthrough the AFS beomes more pronouned; that, in turn,inreases the droplets prodution through Mτ .Therefore, we suggest, that the surfae stress that tears o�rests of short breaking waves on rests of the DW is ampli�edby a fator (± + ǫpMτ ). Governing equations desribing thespume droplets prodution then readVs(z) = F°s u²*gz²B(k)|k=±/z , (2.17)F°s = (± + ǫpMτ ) ∫r<rb dF°s, (2.18)dF°s = ³°s(ρ/ρa)±/²u*r-³b r², (2.19)rb = r (γν/kb)±/³u-±* , (2.20)where °s = -s ln-±(kbz°), s and r are tuning onstants, ǫp =kp(²m°°)±/² is the steepness of the DW, and m°° is the varianeof the sea surfae displaement. Notie, that to derive (2.19)the following relation for the wind veloity sale us in (2.7) isused: us(±/kb) ≡ ub = -(τ/ρ)±/²κ-± ln(kbz°) (z° is the roughness

parameter), wherefrom equation (2.19) follows. Aordingto (2.18)- (2.20) the overall prodution of spume droplets(integrated over the droplets radius) is proportional to thewind speed to the power 4, while the rate of the generation ofspume droplets of a given radius (the spetrum of the spraygeneration funtion) depends on the wind speed to the power7, equation (2.17).The equation for the MTF Mτ was suggested by KM02 (theirequation (38) with (32)). To simplify the equation, it isassumed, that the main ontribution to the modulation ofthe aerodynami roughness is due to the AFS modulationsupported by short waves breaking. Then Mτ , suggested byKM02, approximately readsMτ = ²(± - ²p/u±°) +Mwbτs/τ, (2.21)where Mwb � ²° is the MTF for the length of wave breakingfronts (see Figure 2 from KM02), and τs/τ is the partialontribution of the separation stress to the total surfae stress.The �rst term in (2.21) desribes the impat of the undulationof the air�ow on the surfae stress modulation; the seondone - the impat of the aerodynami roughness via the AFS.An example of the model simulation of τs/τ at very high windonditions is given in KM07 (their Figure 5). At u±° > ²° m s-±the partial ontribution of the AFS is τs/τ � °.µ. In hurrianesthe inverse wave age of DW is u±°/p ² Ǒ µ. Thus at high windonditions the surfae stress that tears o� rests of shortbreaking waves on rests of the DW an be enhaned in twotimes. This e�et is taken into aount by equation (2.18).2.4 Mass and momentum onservation equationDropletsThe volume soure (2.17), integrated over all breaking waves,has to be substituted in the right-hand-side of the massonservation equation (2.2) instead of its spetral analog dVsin the wavenumber domain. The solution of this equationdepends on the droplets size through the terminal fallveloity a. The prodution of droplets of di�erent size isinluded in (2.17) through the �ux of spume droplets fromindividual breaking waves F°s, equations (2.18)-(2.19). Weshall onsider the mass onservation equation (2.2) for thespetral onentration, i.e., for the onentration of dropletswith the radius in the range from r to r + dr. Hereinafter,the hat over any quantity Y denotes its spetral density (thedistribution over the droplets radius). If the spetral density Ŷof a quantity Y is de�ned, its total value is Y = ∫ Ŷdr. With thisnotation equation (2.2) with (2.17) reads
∂

∂z [q̂s - a(r)ŝ℄ = V̂s, (2.22)where ŝ is the droplet volume onentration spetrum - thevolume of droplets of radius r per unit volume of air (units m³m-³ µm-±), and q̂s is the turbulent �ux of droplets of radius r.
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WR 2010-01 Dynamis of the marine atmospheri boundary layer at high wind onditionsAssuming that far enough from the sea surfae both ŝ and q̂svanish, equation (2.22) an be rewritten asq̂s - aŝ = -F̂s, (2.23)where F̂s is the spetrum of the total volume �ux Fs of dropletstorn away from breaking waves, whih is de�ned asFs = ∫ ∞z Vsdz, (2.24)where dimension of Fs is m³ m-² s-±, and Vs is given by (2.17).The spetral distribution of Fs(z) over the droplets size F̂s isimposed by the spetrum of F°s, whih is de�ned by (2.19).MomentumSimilar to the �ux of spume droplets Fs, the AFS momentum�ux or the AFS stress τs is introdued as
τs(z) = - ∫ ∞z Π(z)dz (2.25)with Π(z) de�ned by (2.15). Notie, that τs is de�ned asnegative sine it is direted downward. The separation stressis strongly wind speed dependent, is haraterized by the windspeed exponent being about 5, and rapidly attenuates withheight. With (2.25) the momentum onservation equation(2.4) integrated over all breaking waves reads
∂

∂z (ρu�±u�³ + τs) = °. (2.26)The equation shows that above the mean water surfae thesum of the turbulent momentum �ux and the momentum �uxsupported by the AFS from breaking wave rests is onstantover height. Equation (2.26) with ρ = ρa has the same form asproposed by Kukulka et al. (2007), though the relation for τsused by them is di�erent from (2.25).Well above the sea surfae at z ≫ k-±b the impat of seadroplets on the air density is negligible, ρ ≃ ρa, and theseparation stress vanishes. Thus the turbulent momentum�ux is onstant over height in that layer and equals to -ρau²*,where u* is the frition veloity outside the layer in�uened bydroplets. Then equation (2.26) takes the following form:
ρau�±u�³ + ∆ρs(z)u�±u�³ + τs(z) = -ρau²*. (2.27)This equation di�ers from the momentum onservationequation for the pure �uid by the seond term on the left-hand-side, whih desribes the impat of droplets on theair�ow. Aording to (2.27) the relative impat of droplets isproportional to σs. Sine σ ∝ ρw/ρa ∝ ±°³, the impat an besigni�ant for the droplets onentration s ∝ ±°-³. At heightwhere the separation stress is negligible, equation (2.27) an

be rewritten in terms of the loal frition veloity v²* = -u�±u�³v²* = (ρa/ρ)u²* = u²*/(± + σs) (2.28)stating, that the large onentration of droplets results in theredution of the loal frition veloity. Notie, that the termdesribing the e�et of droplets on the momentum balane(the seond term on the left-hand-side of (2.27)), the so-alled"spray stress", di�ers from that introdued by Andreas (2004).Though both expressions for the spray stress lead to theredution of the loal frition veloity, their physial meaningis di�erent. Aording to Andreas (2004), the spray stressis a fore required to aelerate sea droplets that appeared inthe air�ow to the veloity of the air�ow. In our model thisfore ats at the surfae and leads to tearing o� the breakingrest, generation of droplets and then their aeleration to theveloity of the air�ow.Equation (2.27) that desribes the impat of droplets on themomentum balane is onsidered as a general one.The separation stress (2.25) and the droplets �ux (2.24) havesimilar vertial distribution, rapidly attenuating with height asz-³/² at z > ±/kb. The e�et of droplets on the MABL dynamisresults from the ation of the buoyany fore on the turbulentmixing desribed in terms of the Monin-Obukhov strati�ationlength, equation (3.5) below. For heavy droplets the solution ofequation (2.23) is as ≃ Fs, and the strati�ation parameter z/Lsthat desribes the e�et of droplets on the MABL dynamisattenuates as z-±/², i.e., muh slower than τs. Thus the layera�eted by the AFS is thinner than the layer a�eted bydroplets. In the ontext of the present study, foused on thestudy of the e�et of droplets on the MABL dynamis, the AFSis onsidered as a sub-grid proess and parameterized throughthe aerodynami roughness sale z°, as suggested by KM01;and by KM07 for the high wind speed onditions. As shown inthese studies, the e�et of the AFS an be inorporated in theCharnok roughness sale onstant h = z°g/u²*. At moderateto strong wind speed up to u±° = ²° m s-± h grows due tothe strong wind speed dependene of the AFS, but at higherwind speed h is saturated due to the sheltering e�et. Thusthe e�et of the AFS is inluded through the aerodynamiroughness presribed by the Charnok relationz° = hu²*/g (2.29)with h = °.°±´.It is important to note the following: the aerodynamiroughness z° is diretly related to the geometrial propertiesof the sea surfae that provide the form drag. Aording tothe model by KM01, the aerodynami roughness z° is relatedto the geometri properties of the wind waves expressed interms of the saturation spetrum B as (see their equation (28)
� � � � 8 Mass and momentum balane in presene of oean spray



WR 2010-01 Dynamis of the marine atmospheri boundary layer at high wind onditionsintegrated over all diretions)
∫ ln(π/kz°)Bd ln k + Cs ∫ ln(π/kz°)(us/)²Bd ln k = onst, (2.30)where Cs is the separation onstant, and us, as before, is thewind veloity at the altitude of a breaking rest. The solution ofthis equation de�nes z° as a funtional of B, whih, as shownby Kudryavtsev and Makin (2007), an be parameterizedby (2.29). In the present study the saturation spetrum ispresribed by (2.16), whih at a spei�ed referene windspeed is not dependent on the MABL strati�ation. Therefore,aiming at the study of the impat of droplets on the MABLdynamis, we have to assume that the aerodynami roughnessis independent of strati�ation. Though equation (2.30)predits a weak dependene of z° on strati�ation via us, wenevertheless ignore this fat and suggest that the aerodynamiroughness is de�ned by (2.29), where u* is determined by thereferene onditions, i.e., without spray e�et. An aurateaount for the aerodynami properties of the sea surfaepresumes a solution of the oupled model based on themomentum onservation equation (2.26) with the AFS �uxde�ned by (2.25), but that is out of sope of the present study.
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WR 2010-01 Dynamis of the marine atmospheri boundary layer at high wind onditions3. The model
3.1 Closure hypothesesIn order to lose the mass and momentum onservationequations (2.2) - (2.5) we follow Barenblat (1953, 1954),Kolmogorov(1954) and Barenblat and Golitsyn (1974), andadopt the Kolmogorov-Prandtl losure hypotheses

τ ≡ -ρu�±u�³ = ρK ∂U
∂z , (3.1)-s�u�³ = qK ∂s
∂z , (3.2)K = le±/², (3.3)where K is the turbulent visosity oe�ient, q is the inverseturbulent Prandtl number lose to q = ² (e.g., Taylor etal. 2002), l is the mixing length, U is the mean horizontalwind veloity, and e is the turbulent kineti energy, whih isfound from the TKE balane equation. As argued by K06,the e�et of sea droplets and the temperature strati�ationon turbulene appears additively. Therefore, results of theMonin-Obukhov similarity theory for the temperature stablestrati�ed atmospheri boundary layer an be applied to thesea droplets problem. In this ase, the turbulent visosity isde�ned by (3.3), where e±/² ∝ v* (reminding that v* = |τ/ρ|±/² isthe loal frition veloity), and the mixing length isl = κ(z + z°)/Φ,

Φ(z/Ls) = ± + bz/Ls, (3.4)where Φ is the mixing length funtion, b is an empirialonstant normally taken as b = µ, ±/Ls = κg(∆ρ/ρ)s�u�³/v³* is theinverse Monin-Obukhov length sale for the turbulent �owstrati�ed due to presene of droplets. In the de�nition of Lsthe term s�u�³ represents the total vertial turbulent transportof droplets. Within the frame of our model this turbulenttransport is a sum of the turbulent �ux of droplets (term qs inequation (2.23)) and the �ux of droplets torn o� from breakingrests and injeted into the air�ow (term Fs in equation (2.23)).Using (2.23), the inverse Monin-Obukhov sale is de�ned as±Ls = κ
∆ρ

ρ

asgv³* . (3.5)Notie, that the de�nition of Monin-Obukhov sale (3.5)di�ers from a de�nition by K06 (his equation (21)), where theturbulent �ux of droplets due to the wind tearing o� breakingrests was not taken into aount.3.2 Wind and droplets pro�les and the sea dragUsing the losure sheme (3.2)-(3.4), the governing equationsof the problem (equations (2.23) and (2.27)) take the following

form:
∂U
∂z = v*

κ(z + z°) (± + bz/Ls) (3.6)for momentum (reminding her that the AFS stress τs is takeninto aount through the aerodynami roughness and the loalfrition veloity v* is de�ned by (2.28)) and
∂s
∂z = - κv* ∂U

∂z ω(s - s*)= -ω(± + bz/Ls)(s - s*)/(z + z°), (3.7)for the droplets onentration, where ω = a/(qκv*) is thedimensionless terminal fall veloity based on the loal fritionveloity and inverse Prandtl number, and s* = Fs/a is thedimensionless turbulent �ux of droplets due to the windtearing o� breaking wave rests. The boundary onditionis spei�ed on the sea surfae z = ° as ∂s/∂z = °, whih isequivalent to speifying s(°) = s*(°). The magnitude of thedimensionless fall veloity ω divides sea droplets into twotypes: the light droplets with ω < ± that an be e�etivelytransported upward by turbulene, and heavy droplets with
ω > ± that fall down to the water surfae after their generation(e.g., Barenblatt, 1996).Asymptoti solutionsIn ase of light droplets ω ≪ ±, equations (3.6) and (3.7) havea remarkable solution in the area above wave rests, i.e., abovethe layer of droplets generation, where s* = °. At z ≫ z° andz/Ls ≪ ± the solution is (Prandl 1949)U(z) = (v*/κ) ln z + onst, (3.8)s(z) = sr(zr/z)ω , (3.9)where sr is the prede�ned onentration at a referene level zr .At z/Ls ≫ ± the solution of (3.6) and (3.7) de�nes the solutionfor a saturated �ow (Barenblat, 1953; Barenblat and Golitsyn,1974) U(z) = v*

κω
ln z + onst, (3.10)s(z) ∝ bqκ²σω² v²*gz . (3.11)In this regime the gradient of the air�ow veloity is inreased(sine ω < ±) with respet to the bakground �ow, and theturbulent stress is signi�antly suppressed. K06 showed,that for light droplets with the onentration as presribed byAndreas (2004), the regime of the saturated �ow annot beful�lled in real onditions.In ase of heavy droplets ω ≫ ±, equations (3.6) and (3.7) have
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WR 2010-01 Dynamis of the marine atmospheri boundary layer at high wind onditionsalso a remarkable solution. First, the solution of (3.7) at ω ≫ ±approximately reads s(z) � Fs/a (3.12)stating that the droplets onentration results from the balaneof the droplets �ux and the gravitational fore; the vertialtransport by turbulene being not e�ient. At height abovez = ±/kb the droplets �ux approximately equals toFs � su±° ( v²*gz)³/² . (3.13)The strati�ation parameter z/Ls is z/Ls � κsσu±°/(gz)±/², andthe veloity gradient (3.6) reads
∂U
∂z � v*

κz [± + Lu±°/(gz)±/²] , (3.14)where L = ²/³κσsb is a onstant absorbing other modelonstants. The solution for heavy droplets shows that thedroplets onentration dereases with height as z-³/². Thewind veloity shear above rests of shortest breaking wavesat z > ±/kb inreases with the wind speed; that results inaeleration of the air�ow due to the suppression of theturbulent mixing.General solutionsMost of droplets are produed by the wind tearing o� breakingrests. These spume droplets are rather large, with themean radius of about 180 µm, and they an be treated asheavy droplets with ω � ±° (e.g., Figure 2 from K06). Wemay antiipate, that at some height inside the logarithmiboundary layer the onentration of sea droplets beomes sosmall that the strati�ation parameter bz/L ≪ ±. In this ase,droplets do not loally a�et the wind veloity shear (3.6),and the momentum �ux equals ρau²*. Using (2.28) and (A.7),equation (3.6) an be rewritten as
∂U
∂z = (

ρa
ρ

)±/² u*
κ(z + z°) (± + bz/Ls) == u*

κ(z + z°) [(ρa/ρ)±/² + bz/Ls°), (3.15)where Ls° is the Monin-Obukhov length sale that unlike (3.5)is de�ned for the outer frition veloity u* as±Ls° = κσgsau³* . (3.16)Correspondingly, the wind veloity pro�le and the resistanelaw, relating the frition veloity in the outer region to thewind speed, apparently follow from (3.15) and read
κU(z)/u* = ∫ z+z°z° [(± + σs)-±/² + b(z� - z°)Ls° ] d ln z� (3.17)

andCdh ≡ (u*/Uh)² = κ² [

∫ hz° [(± + σs)-±/² + b(z� - z°)Ls° ] d ln z�]-² ,(3.18)where z� = z + z° is the integration variable, Cdh is the dragoe�ient at level h, where the spume droplets onentrationis so negligibly small that h/Ls° ≪ ±. It is also onvenient torewrite equations (3.17) and (3.18) in the following form:
κU(z)/u* = ln(z + z°z° ) + ∫ z+z°z° [R + b(z� - z°)Ls° ℄d ln z� (3.19)andCdh ≡ (u*/Uh)² = κ² [ln( hz° ) + ∫ hz° [R + b(z� - z°)Ls° )d ln z]-² , (3.20)where R = (± + σs)-±/² - ± (3.21)is the spray stress fator desribing the impat of dropletson the wind pro�le and the drag oe�ient through theredistribution of the momentum �ux between air and droplets.Equations (3.19) and (3.20) learly show, that when the e�etof sea droplets on the turbulene mixing is ignored (termswith z/Ls° in (3.19) and (3.20) are omitted), the stritly negativespray stress fator R results in the derease of the windveloity, as ompared to the logarithmi distribution, andinrease of the drag oe�ient. Contrary, when the dropletsonentration is small enough so that σs ≪ ± and the spraystress fator is vanishing, the equations desribe the inreaseof the wind veloity and derease of the drag oe�ient.Equations (3.19) and (3.20) de�ne the problem if the distribu-tion of the droplets onentration s(z) with height and over sizeis known. For that we need to solve equation (3.7) with (2.24)obeying the surfae boundary ondition ∂s/∂z = ° at z = °. Thesolution readsŝ(z) = ŝ*(z) + ∫ z�z° exp [- ∫ z�

ζ

ωΦd ln ζ �] a-±V̂sdζ , (3.22)where z� = z + z°.To resume: equations (3.19), (3.20) and (3.22), with the �uxof droplets torn away from breaking rests given by (2.24)with (2.17), represent the losed oupled system desribingthe generation of sea droplets, their distribution over sizeand height, and the e�et of droplets on the MABL dynamisand the surfae drag. In setion 4.2 results of the modelalulation based on a solution of this oupled system will beshown.
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WR 2010-01 Dynamis of the marine atmospheri boundary layer at high wind onditions4. Results
4.1 Solution for the droplets spray generationfuntion spei�ed empiriallyEquations (3.19) and (3.20) de�ne the problem if the distri-bution of the droplets onentration s(z) with height and oversize is known. For that we an solve equation (3.7) with (2.24)of the oupled sea droplets-atmosphere model or use someempirial distribution of the droplets onentration (or thespray generation funtion (SGF)). For the illustrative purposethe latter possibility is �rst hosen. Following Andreas (2004)the volume �ux of droplets Fs is spei�ed asFs(z) = su*́ exp(-·z/Hs), (4.1)where s is a onstant, Hs = ´m±/²°° is the signi�ant waveheight, and u* is the frition veloity well above Hs. Notie,that equation (4.1) was originally proposed by Andreas (2004)for the droplets onentration. In this study we interpretthe proposed relation in terms of the droplets �ux Fs = as,assuming that droplets are not mandatory linked to the surfaewaves but an be transported upward by turbulene. In thisontext Fs(z) is equivalent to the model droplets �ux (2.24), andvalues of Fs(z) at the surfae are equivalent to the de�nition ofthe standard SGF. Thus onstant s = ³ � ±°-· orresponds toone proposed by Andreas (2004). The model distribution ofdroplets over the radius in the droplets �ux Fs is proportionalto ∝ r² (equation (2.19)) and, as argued by KM09, orrespondsto the spetral shape of the empirial SGF. Therefore, wesuggest that the spetral distribution of Fs, de�ned by (4.1),is similar to the model one and has the shape ³r²/r²° , wherer° is the spetral uto� of the SGF. To simulate the empirialSGF proposed by Andreas (2004) the spetral uto� shouldbe hosen at r° = ²°° µm. In this subsetion we onsider themodel predition for the SGF presribed empirially by (4.1)with the spetral distribution ³r²/r²° .It was found that the e�et of the droplets �ux de�ned by(4.1) and the spetral uto� at r° = ²°° µm on the MABL isnegligible and thus not shown here. Andreas (2004) ame tothe similar onlusion. To magnify the e�et, he suggesteda heuristi SGF, whih has the same form as (4.1) but withonstant s ampli�ed in 10-times. In this paper the spetralSGF is used. It ould be antiipated, that the main drawbakof the empirial SGF is a lak of its knowledge of the largestgenerated droplets. The empirial uto� of the SGF at r° = ²°°

µm presumes that droplets of a larger radius were not traedat the altitude of measurements beause they are heavy, nottransported by turbulene upward and fall down to the surfae
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Figure 1: Empirially spei�ed spray generation funtion. a) The windpro�le U(z)/U(h), solid line - the spray stress and the strati�ation e�et areaounted for; dashed-dotted line - only the spray stress is aounted for;dashed line - the referene run (no spray e�et); b) The dimensionless windshear pro�le de�ned by (3.15), line types - as in a); ) The mixture density
ρ/ρa pro�le, line types- as in a). Wind speed at the referene level h = 100m is Uh = 60 m s-1.one generated. Therefore, we suggest to inrease the uto�radius r° keeping however the SGF spetrum in the range±° < r < ±°² µm on the original level. The modi�ed onstant sin (4.1) beomes to be dependent on the hoie of r° and readss = ³ � ±°-·r³°/r³°°, where r°° =200 µm is the original uto�.Following the experimental �nding by Anguelova et al. (1999)we assume that the maximal radius of spume droplets is oforder O(1000) µm. The model alulations with r° taken at1000 µm are shown in Figure 1 and Figure 2 for the windspeed Uh = ¶° m s-± spei�ed at the referene level h = ±°°m. Notie that speifying s and r°, we do not intend to �t themodel results to any observations beause these alulationsare performed for the illustrative purpose only.Dashed-dotted lines in the Figures orrespond to the modelalulation when the e�et of droplets on the turbulenemixing is ignored (terms ontaining z/Ls° in (3.19) and (3.20)are omitted). This ase is analogous to one desribed by theAndreas's (2004) model that aounts for the spray stress only.The presene of droplets results in the derease of the windshear in the whole layer as ompared to the referene run (nodroplets e�et), where the dimensionless shear equals one,(Figure 1b). As a onsequene, the wind veloity is deeleratedwith respet to the referene run shown in Figure 1a by adashed line. Droplets signi�antly a�et the mixture density,
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Figure 2: Empirially spei�ed spray generation funtion. a) The dragoe�ient at 10-m height and b) the drag oe�ient at the surfae versusthe wind speed u10; line types - as in Figure 1a.Figure 1; at the surfae it exeeds the density of air morethan in 1.5-times. The presene of droplets enhanes thedynamial stress τ = ρv²* in the MABL. At onsidered windspeed it is inreased approximately in 1.5 times. Sine ρv²* isonstant over height, the loal kinemati stress v²* varies withz following the pro�le of ρa/ρ, equation (2.28). At the upperlevel it is ampli�ed by a fator 1.5, and at the surfae it isredued by a fator 0.75 relative to the referene value. Notie,that aording to (4.1) the spray onentration depends onthe frition veloity in the outer region above the spray layer.Therefore, the enhanement of the shear stress results in theenhaned prodution of droplets, whih at Uh = ¶° m s-± leadsto almost 2-times inrease of the mixture density.Solid lines in Figure 1 show model results when both thespray stress and the e�et of droplets on strati�ation ofthe turbulent �ow are inluded. The e�et of droplets onstrati�ation results in the inrease of the wind veloityshear, Figure 1b, and in the signi�ant modi�ation of thewind veloity pro�le. The wind speed is aelerated at theupper levels and is deelerated near the surfae due to thesuppression of the turbulene mixing. The redution of thewind stress relative to the referene and the spray-stress-onlyases, in turn, results in a smaller prodution of droplets, asompared to the previous ase. Thus the spray stress beomesnegligible.In Figure 2 the drag oe�ient at 10-m height de�nedas Cd±° = (u*/u±°)² and the drag oe�ient at the surfaeCds = (v*s/u±°)², where v*s is the frition veloity at the surfae,are shown. When the e�et of droplets on strati�ation isignored, the presene of droplets results in the inrease of Cd±°as ompared to the referene run. The surfae drag oe�ientCds exhibits some suppression at highest wind speeds. Thissuppression is arti�ial sine the dynamial stress ating on

the sea surfae ρv²*s is ampli�ed due to the inrease of themixture density. When the e�et of droplets on the MABLdynamis through strati�ation is aounted for, a strongredution of both Cd±° and Cds is found. The magnitude ofthe redution is omparable with one reported by Powell et al.(2002).Thus droplets an impat the MABL dynamis in two ways: byhanging the mixture density near the surfae (the spray stresse�et) and by hanging strati�ation of the MABL; the latterbeing muh more e�ient. The e�et of spray stress leads todeeleration of the wind speed and the enhanement of thedrag oe�ient that ontradits to observations by Powell et al.(2002). The impat of spray on the MABL dynamis throughthe e�et of strati�ation leads to the redution of the dragoe�ient as was observed by Powell et al. (2002). In thefollowing setion this e�et is investigated on the basis of theoupled droplets-atmosphere model.4.2 Solution of the oupled sea droplets-atmospheremodelSine the desription of droplets generation in the modelwas revised with respet to KM09, the parameters have tobe rede�ned, and the predition of droplets generation isompared with available data. A omprehensive review of theavailable empirial spume SGFs are given by Andreas (2002).It an be seen that the empirial SGFs di�er from eah otheron several orders (more than 5) of magnitude. A plausibleause of suh di�erene is that all of the funtions are basedon measurements taken in a limited range of the radius, thewind speed and at di�erent heights above the sea level. Allof them are extrapolated then to a larger radius, larger windspeed and the surfae using some heuristi arguments. Anexample of the empirial SGF proposed by Andreas (1998)and Smith and Harrison (1998) in terms of the spetral SGFfor the wind speed u±° of 20 m s-± and 30 m s-± is shown inFigure 3.These data are used to determine the model onstants s andr in the droplets prodution soure Vs de�ned by (2.17)-(2.20) and the �ux of droplets Fs de�ned by (2.24). The latterquantity is equivalent to the SGF measured at the surfae.Notie, that all of the SGF measurements are made at a givenaltitude well above the surfae. We argue, that droplets ofthe maximal radius ould not be measured beause theyhave a large terminal fall veloity, thus annot be transportedupward by turbulene and immediately fall bak to the surfaeone generated. This fat ould explain a rapid uto� of theempirial spetral SGF shown in Figure 3. Therefore, theempirial SGFs annot provide us with reliable estimate of themaximal radius of spume droplets. It is mentioned, however,that laboratory measurements by Anguelova et al. (1999)revealed the generation of spume droplets with the radius offew millimeters.
� � � � 14 Results
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Figure 3: Spray generation funtion as a funtion of the droplets radiusfor the wind speed u10 a) 20 m s-1 and b) 30 m s-1. Solid line, the model;dashed line, Smith and Harrison (1998); dashed-dotted line, Andreas(1998).The modeled �ux Fs at the surfae alulated aordingequation (2.24) with onstants s = ±°-µ and r = ´.´ is shown inFigure 3. The value of r gives the maximal radius of generateddroplets about rb = ±¹°° µm at 20 m s-± and rb = ±±°° µm at30 m s-±. That orresponds to data reported by Anguelova etal. (1999). The value of s provides the level of the modelSGF orresponding to the level of empirial SGFs. Notie,that at small r the model SGF has the same slope r² as theempirial funtions. However, at large radii around r ≃ µ°°
µm the empirial SGFs have a rapid drop, while the model SGFhas the uto� at the maximal radius rb, whih is wind speeddependent. The apparent disrepany between the model andthe empirial SGF at large radii results from the fat that themodel SGF is de�ned at the surfae, while the empirial SGF isderived from measurements at some altitude. Large and heavydroplets being generated at the surfae annot be transportedaloft by turbulene and are not traeable at that levels.The wind veloity pro�le at Uh = 70 m s-± (h = ±°° m) and thevertial distribution of the dimensionless wind shear de�nedby (3.15) and (3.16) are shown in Figure 4. Horizontal thindashed lines in Figure 4b indiate from top to down the altitudeof breaking rests of the peak waves (z = ±/kp) and rests ofshortest breaking waves (z = ±/kb). The maximal value of thewind shear is loated approximately at the altitudes whereindroplets torn o� from rests of the shortest breaking waves areinjeted, i.e., at z � ±/kb. Contribution of breaking of dominantwaves is small. Comparing the solid and dashed lines inFigure 4b one an onlude that the impat of the mixturedensity on the wind shear is not negligible, but the dominante�et of droplets on the wind pro�le is due to their impaton strati�ation and suppression of the turbulent mixing. Inthe layer z > ±/kb the wind shear exeeds the bakground one,
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Figure 4: a) Wind pro�le U(z)/U(h); solid line, with spray; dashed line,without spray. b) Pro�le of the dimensionless wind shear de�ned by (3.15);solid line, with spray; dashed line, without spray; dashed-dotted line, thespray stress is swithed o�; thin dashed lines, altitudes from top to bottomz = 1/kp and z = 1/kb. Uh = 70 m s-1.thus the wind speed is aelerated in this layer and deviatesfrom the referene run, Figure 4a. That in turn results in theredution of the dynamial stress as ompared to the referenerun. For the wind speed onsidered the stress is redued in10-times.Figure 5 shows the vertial distribution of the dropletsonentration s, the dimensionless �ux of droplets due to thewind tearing o� breaking wave rests s* = Fs/a and the mixturedensity ρ/ρa. The maximum of droplets onentration andthe mixture density is loated at the surfae. The density ofthe air-water mixture is onsiderably inreased; at onsideredwind speed it is ampli�ed in 4-times with respet to the densityof air. Aording to equation (2.28) ρ/ρa = u²*/v²* so that thedistribution of the mixture density haraterizes the vertialdistribution of the kinemati stress v²*. Near the surfae,where spume droplets are produed, the kinemati stress isonsiderably suppressed as ompared to the outer layer stressu²*. However, the dynamial stress ρv²* is onstant over heightand equals its value in the outer layer ρau²*.The pro�le of s*(z) represents the approximate solution of themass onservation equation resulting from the balane of thespume droplets prodution by tearing o� rests of breakingwaves and their fall down due to the gravitational fore (seeequation(3.12)). The pro�le of s(z) is lose to s*(z) in the areawhere most of spume droplets are produed, i.e., in the layerz < ±/kp. Above this layer the droplets onentration pro�le s(z)deviates from s*(z) due to the inreasing role of the turbulenttransport of droplets.The spetrum of the droplets onentration at di�erent heightsabove the surfae is shown in Figure 6. Very light droplets� � � � 15 Results
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Figure 5: a) Pro�le of the droplets onentration s, solid line; pro�le of thedimensionless �ux of droplets due to the wind tearing o� breaking waverests s* = Fs/a, dashed line. b) Pro�le of the mixture density ρ/ρa. Thindashed lines, as in Figure 4b. Uh = 70 m s-1.
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Figure 6: Spetra of the droplets onentration at di�erent heights; linesfrom top to bottom orrespond to heights: at the surfae, 2 m, 5 m, 10 m,20 m, 50 m, 100 m. Uh = 70 m s-1.haraterized by a parameter ω ≡ a/κv* ≪ ± penetrate thewhole MABL as predited by the asymptoti solution (3.8).Being generated by all breaking waves light droplets aree�etively transported upward by turbulene away from thelayer, where they were generated. Therefore, the vertialdistribution of light droplets does not dependent on thevertial pro�le of Fs(z), and the magnitude of light dropletsonentration is de�ned by a value of Fs at the surfae. Thelarger the dimensionless terminal fall veloity ω the more rapidattenuation of the droplets onentration is. Largest dropletswith ω > ± are not e�etively transported by turbulene. Thustheir onentration essentially depends on the vertial pro�leof the spume droplets prodution. The heaviest droplets atthe surfae dominate the spetrum of the onentration, buttheir onentration rapidly dereases with height followingthe vertial pro�le of the spume droplets �ux from breakingwaves. Under these onditions the onentration of largestdroplets dereases two orders of magnitude in the �rst 2 mand above 20 m these droplets are not traeable.A standard representation of the model results in terms of thedrag oe�ient at 10-m height, Cd±°, is shown in Figure 7. Thereferene values alulated using Charnok relation (2.29) isshown by the dashed line. The drag oe�ient starts to deviatefrom the referene run at wind the speed above 20 m s-±, and
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Figure 7: a) Drag oe�ient and b) frition veloity versus the wind speedat 10-m height. Solid line, aording to the resistane law (3.20), dropletse�ets are aounted for; dashed line, referene run aording the Charnokrelation (2.29), no droplets e�ets. Open irles, data by Powell (2006),ompiled from his �gure 7, layer 20-160 m; open squares, data by Powellet al (2003), ompiled from their �gure 3, layer 20-150 m; the 95%on�dene limits on experimental estimates are indiated by vertial lines.Dotted line, �tted quadrati urve to the empirial data by Jarosz et al.(2007), their �gure 3.at u±° > ³°m s-± it rapidly drops to very low values. The fritionveloity peaks at about 40 m s-± and with further inrease inthe wind speed tends to derease also.The model results are ompared with data reported by Powellet al. (2003) and Powell (2006). We remind, that theexperimental values of Cd±°, u* and z° were obtained fromwind pro�les measured by releasing GPS drop wind sondes.The pro�les were analyzed in several layers to get reliableestimates; the estimates based on the 20-160 m surfae layerare onsidered most reliable. These estimates are shown inFigure 7 as well. Powell et al. (2003) analyzed 331 pro�les ofGPS sondes dropped in 15 storms in the period 1997-1999.Their analysis determined a leveling o� of the surfae stressand the drag oe�ient at the wind speed exeeding ³´ m s-±and a redution in the roughness length. Report by Powell(2006) extends this analysis to 2664 GPS sondes pro�lesfrom the period 1997-2005. The range of the wind speed wasextended up to 80 m s-±. Extended data set shows a dereaseof the drag oe�ient to a value of about 0.5 �10-³ above thewind speed of 40 m s-± in good agreement with the presentmodel results. The model results are also in agreement withmeasurements by Jarosz et al. (2007) shown by a dotted linein the same �gure.
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A model desribing the impat of oean spray on the dynamisof the marine atmospheri boundary layer (MABL) in on-ditions of very high (hurriane) wind speeds is onstruted.It is based on a lassial theory of the motion of suspendedpartiles in a turbulent �ow of inompressible �uid. Theonly di�erene with the lassial formulation is that the massonentration of droplets is onsidered to be not mandatorysmall. Thus terms ontaining the mass onentration arenot negleted in the momentum onservation equation (thenon-Boussinesq approximation). The derived onservationequations for mass and momentum take into aount the duale�et of wave breaking on the MAL dynamis: the generationof spume droplets and the e�et of the air �ow separation.The impat of spume droplets on the air�ow is modeled by thesoure term inorporated into the mass onservation equation.The model of the spume droplets prodution assumes thatdroplets being torn o� from rests of breaking wind waves areinjeted into the air�ow at the altitude of these breaking waves.The pulverization of the water/foam into droplets takes plaein a thin boundary layer adjaent to eah of the breaking waverest. Adopting Kolmogorov's (1949) ideas it is shown thatthe distribution of droplets over the radius in the range from10 µm to few millimeters inside the jet is proportional to theradius to the power 2. That is onsistent with measurements.The total volume prodution of droplets is related to thelength of wave breaking fronts, where the main ontribution isoming from breaking of the equilibrium range of wind waves.The overall prodution of spume droplets (integrated overthe droplets radius) is proportional to the wind speed to thepower 4, while the rate of the generation of spume droplets ofa given radius (the spetrum of the spray generation funtion)depends on the wind speed to the power 7.Sea droplets as a heavy partiles suspended in the air�ow leadto the deviation of the air-droplets mixture density from theair density. That a�ets the MABL dynamis in two ways: viaredistribution of the momentum between droplets and air andvia the impat of droplets on the turbulent mixing throughstrati�ation. The former mehanism naturally enters thegoverning momentum onservation equation written in thenon-Boussinesq approximation. The latter mehanism entersthe problem via the e�et of droplets on the buoyany fore inthe TKE balane and is parameterized through the extension ofthe Monin-Obukhov similarity theory for the stably strati�edboundary layer.

Parameters of the spray generation were hosen so that to �tthe empirial data as reported by Andreas (1998). It is shownthat at high wind speeds the tearing o� shortest breakingwave rests results in the appearane of a sheet of spray nearthe surfae, where the density of the droplets-air mixture anexeed the air density in few times. At altitudes above restsof shortest breaking waves the density rapidly attenuates withinreasing height. The behavior of the spetrum of dropletsonentration with height essentially depends on the size ofdroplets. Light droplets with dimensionless fall veloity ω < ±are e�etively transported upward by turbulene, and theirvertial distribution does not depend on the vertial pro�leof the droplets prodution. Contrarily, heavy droplets with
ω ≫ ± ould not be transported by turbulene aloft and fallbak to the surfae; their onentration essentially depends onthe vertial pro�le of the prodution of droplets and rapidlydereases with height.A su�ient deviation of the mixture density from the airdensity results in the redistribution of the momentum betweendroplets and air; that, in turn, leads to the deeleration of theair�ow in the near surfae layer, where the onentrationof droplets is maximal. This mehanism alone, withoutaounting for the impat of droplets on strati�ation, leads tothe inrease of the dynamial surfae stress that is equivalentto the enhanement of the sea surfae drag. The loal fritionveloity v* is however dereased, whih may be mistakenlytreated as the suppression of the surfae drag. It is emphasizedthat only the dynamial stress τ = ρv²* has the physial meaning.The main impat of droplets on the MABL dynamis omesfrom their e�et on the turbulent mixing through strati�ation.Contrary to the spray stress e�et on�ned to a very thin nearsurfae layer, the e�et of spray via strati�ation spans higherlayers and dominates the overall impat of spray on theMABL. The e�et of droplets via this mehanism results inthe suppression of the turbulent mixing and the momentum�ux in the MABL and, as a onsequene, to the aelerationof the wind veloity and suppression of the sea surfae drag.It is shown that the drag oe�ient levels o� at the windspeed around 30 m s-± and further dereases with inreasingwind speed. At the wind speed of about 60 m s-± the dragoe�ient is onsiderably redued demonstrating the e�etof the "slippery surfae". These features are in agreementwith reent experimental data by Powell et al. (2003), Powell(2006) and Jaroz et al. (2007) aquired in hurrianes.
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WR 2010-01 Dynamis of the marine atmospheri boundary layer at high wind onditionsAppendix AGoverning Mass and Momentum Conservation EquationsThe lassial equations desribing the dynamis of the turbu-lent �ow with suspended heavy partiles are introdued herefollowing Monin and Yaglom (1971). These equations arethen used for the onstrution of a "semi-empirial" modeldesribing the mass and momentum onservation betweenwave rests and troughs.The veloity of the mixture is de�ned as the weighted averageover the mass value of the air and droplets veloities
υj = ρa(1 - s)

ρ
uaj + ρws

ρ
uwj = uaj - ρws

ρ
aδj3, (A.1)where the seond equality follows from (1.1) and (2.1). In theturbulent �ow eah of the quantities f is represented as a sumof its mean value f and its random �utuation f � : f = f + f �.Throughout the study we shall use the ommonly aeptedrules for the averaging of the governing equations for theturbulent �ow.A.1 Mass balaneBasi equationsThe equations of the mass balane for the air �ow and dropletsread

∂

∂t [ρa(1 - s)℄ + ∂

∂xj [ρa(1 - s)uaj ℄ = 0, (A.2)
∂

∂t (ρws) + ∂

∂xj [ρws(uaj - aδj3)℄ = 0. (A.3)Here x1,2 are the horizontal oordinates, x3 is the vertial oor-dinate replaed in the main text by z. Adding these equationsresults in the equation of the mass balane for the mixture
∂ρ

∂t + ∂ρυj
∂xj = 0, (A.4)and dividing these equations onsequently by ρa and ρw andadding them gives the ontinuity equation for the mixture

∂

∂xj [uaj - saδj3℄ = 0. (A.5)Under stationary and spatially homogenous onditions aver-aged equations (A.4) and (A.5) with use of
ρ� = △ρs�, (A.6)
ρ = △ρs + ρa, (A.7)where △ρ = ρw - ρa, read

∂ρυ3
∂x3 ≡

∂

∂x3 [ρ � u3 - ρwsa +△ρs�u�3℄ = 0, (A.8)
∂

∂x3 [u3 - sa℄ = 0. (A.9)In (A.8) and (A.9) s�u�3 is the turbulent �ux of the dropletsonentration, and hereinafter we drop a supersript "a" fromua3 = u3. Far above the oean surfae the droplets onentration,its �ux and the air vertial veloity turn to zero, therefore (A.8)

and (A.9) are redued to
ρυ3 ≡ ρ � u3 - ρwsa +△ρs�u�3 = 0 (A.10)u3 - sa = 0. (A.11)Equation (A.10) states that the vertial �ux of mass of themixture is zero, and equation (A.11) shows that the vertialveloity of the air should ompensate the terminal fall veloityof droplets. Adding these equations the mass onservationequation for droplets is obtaineds�u�3 - sa(1 - s) = 0. (A.12)The equation is valid above the wave rests, i.e., above the layerwhere the prodution of droplets takes plae. In the oeanspume droplets are the main soure of oean spray at highwind speeds (Andreas, 1998; 2002). They are generated by thewind tearing o� breaking wave rests. Being torn away from thebreaking rest spume droplets are embedded into the air�owat the height of the breaking wave. K06 suggested to treat theproess of the spume droplets generation as the volume soureof droplets elevated above the surfae.Volume prodution of dropletsLet us onsider the mass balane in the domain ζ(t, xα) < x3 < hb,where x3 = ζ(t, xα) is the sea surfae displaement by the narrowband wind waves with the wavenumber in the range from k tok + dk, and hb is the height of the breaking rest. The surfaehorizontal u1,2 and vertial u3 veloities ould be written in theform uα = uζ

α + u�
α,u3 = uζ3 + u�3 + u3,where the supersript ζ indiates the wave orbital surfaeveloity obeying the surfae kinemati boundary onditionuζ3 = ∂ζ/∂t + uζ

α∂ζ/∂xα, u3 is the mean vertial air veloityassoiated with the terminal fall veloity of droplets, and u�is the random veloity assoiated with the surfae disruption(tearing) due to the generation of droplets.The integral mass balane equation below breaking wave restsan be found by the integration of equation (A.4) from thesurfae ζt,xα to the level x3 = hb just above wave breaking rests.Performing the ensemble averaging and assuming stationaryand spatially homogenous onditions we obtain-(ρ�u�n)ζ - (ρ � u3)ζ + ρwasζ + ρυ3|x3=hb = 0, (A.13)where un is the air veloity omponent normal to the surfae,and sζ is the mean onentration of droplets at the surfae.The �rst term in (A.13) desribes the injetion of droplets intothe air�ow from the sea surfae, whih ours predominantlyfrom breaking wave rests at x3 = hb. Performing the same
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WR 2010-01 Dynamis of the marine atmospheri boundary layer at high wind onditionsoperations with the ontinuity equation (A.5) we obtain u3ζ = asζat the surfae. Substituting this relation into (A.13) and takeninto aount (A.6)-(A.7) the mass onservation equation reads-∆ρ(s�u�n)ζ + ∆ρasζ(1 - sζ) + ρυ3|x3=hb = 0. (A.14)Sine the mass �ux above the wave rests is vanished
ρυ3|x3=hb = 0, see equation (A.10), equation (A.14) desribesthe obvious fat that all droplets injeted from the surfaeinevitably fall bak to the water(s�u�n)ζ - asζ (1 - sζ ) = 0. (A.15)We onsider the mean air�ow in the Cartesian oordinatesystem above the mean water surfae x3 = 0. As stated abovedroplets are injeted from breaking rests well above the meanwater surfae. Therefore, the droplets �ux an by no means betreated as a �ux through the water surfae x3 = 0; it is spreadover the height 0 < x3 < hb. The dynamis of the turbulent�ow with suspended partiles between breaking wave restsand troughs is ompliated and we are not aware of any modelapproah desribing suh problem. Therefore, we shall studythis problem on a semi-empirial level. We assume that boththe turbulent �ux s�u�3 and the onentration s of droplets variesontinually in the layer 0 < x3 < hb from their values at x3 = hbto that at x3 = 0. The turbulent �ux of droplets at x3 = 0 mustbe vanished as it was suggested that droplets are produedat x3 = hb. Simulating prodution of droplets as a jet loatedat x3 = hb, we introdue a di�erential equation desribing thedistribution of droplets in the layer 0 < x3 < hb in the followingform

∂

∂x3 (s�u�3 - as) = Fsδ(x3 - hb) (A.16)with the surfae boundary ondition s�u�3 = 0 at x3 = 0. HereFs = (s�u�n)ζ is the volume �ux of spume droplets from breakingwave rests, δ(x) is the Dira delta funtion, and terms on-taining s2 are negleted beause s ≪ 1. Equation (A.16) beingintegrated from x3 = 0 to in�nity redues to (A.15), and fromx3 = hb to in�nity - to (A.12). We onsider equation (A.16) as themass onservation equation valid in the whole domain belowand above wave rests.A.2 Momentum balaneThe horizontal momentum onservation equation for the �uidwith suspended partiles in terms of the mixture density ρ andthe mixture veloity υj de�ned by (1.1) and (A.1) is similar to theorresponding equation for the pure �uid (Monin and Yaglom1971)
∂

∂t (ρυα) + ∂

∂xj [ρυαυj + pδαj - σαj℄ = 0, (A.17)where p is the total pressure and σij is the tensor of the visousstress.

Above wave restsPerforming the ensemble average of (A.17) and assumingstationary and spatially homogenous onditions we obtain thefollowing equation valid above the wave rests
∂

∂x3 [ρu�1u�3 + (ρ � u1 � u3 + u1ρ�u�3 - ρwas � u1)℄ = 0, (A.18)where terms ontaining seond and third moments of thedensity �utuation and the horizontal veloity �utuation, i.e.,
ρ�u�1u�3, ρ�u�1u�3 and ρwas�u�1, as well as the visous stress arenegleted. Due to equations (A.6), (A.7) and (A.10) the termsenlosed in parenthesis in (A.18) are aneled and it is reduedto

∂

∂x3 (ρu�1u�3) = 0, (A.19)i.e. the turbulent stress is onstant over height: ρu�1u�3 = onst.Between wave rests and troughsThe integral momentum balane equation of the mixture belowthe breaking rests an be found by the integration of equation(A.17) from the sea surfae x3 = ζ to the level x3 = hb. Afterthe ensemble average and assuming stationary and spatiallyhomogenous onditions we obtain-ρ(u0α + u�
α)(u�n + u3 - ρw/ρ � as|z=ζ + p∂ζ/∂xα|z=ζ + ρuαv3|z=hb = 0.(A.20)Taking into aount that ρ(u�n + u3 - ρw/ρ � as|z=ζ = 0 (sine themass �ux through the surfae is zero, see equation (A.10)) andnegleting the third order moments and the horizontal �ux ofdroplets at the surfae, equation (A.20) is redued to-ρu�
αu�n|x3=ζ + p∂ζ/∂xα|x3=ζ + ρu�

αu�3|x3=hb = 0. (A.21)This equation shows that the momentum �ux at the surfae issupported by the tangential stress and the form drag, and thatthe e�et of droplets appears expliitly through the mixturedensity ρ.The form drag is supported by the momentum �ux to a regularor streamlined wavy surfae by the non-separated shelteringmehanism (Belher and Hunt 1993) and by the separation ofthe air �ow from breaking waves (KM01,Makin and Kudryavtsev2002). Short waves provide the main ontribution to the formdrag, as shown by Makin and Kudryavtsev (2003). These shortwaves are distributed uniformly along the sea surfae and thestress they support ould be treated as the fore ating onthe mean surfae. For high wind speeds a signi�ant part ofthe stress is supported by the separation of the air �ow (e.g.,Figure 5 from KM07). The separation of the air�ow results inthe ation of the pressure drop ∆ps on the forward side of abreaking wave. As shown by KM01, this omponent of the formdrag supported by wind waves in the wavenumber range from
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WR 2010-01 Dynamis of the marine atmospheri boundary layer at high wind onditionsk to k + dk reads p∂ζ/∂xα|z=ζ = ∆pshbLb, (A.22)where Lb is the length of wave breaking rests per unit surfaearea. Following the same approah as was used for the deriva-tion of the droplets onservation equation (A.16), we onsiderthe air�ow separation stress as a stress uniformly distributedin the layer 0 < x3 < hb. Then the momentum onservation
equation, whih is valid above and below breaking rests, takesthe form

∂

∂x3 (ρu�1u�3) = -∆pshbLbδ(x3 - hb). (A.23)At x3 > hb this equation is redued to (A.19), and being inte-grated from some level above hb to the surfae it redues to(A.21).
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